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FOREWORD 
This project is being carried out in the Fire Hazard and Combustion 
Research Laboratory of the School of Mechanical Engineering at Georgia 
Institute of Technology under the Principal Investigators Dr. Wolfgang 
Wulff and Dr, Novak Zuber. For the program period covered by this re-
port, from April 1, 1972 through June 30, 1972, Graduate Research Assis-
tants Dr. Alexandrox Alkidas (ignition temperature and enthalpy measure-
ments), Messrs. Richard W. Hess (ignition time measurements) and William 
E. Giddens (thermal conductance and reaction kinetics) have directly 
participated in this work. Their participation has been supported in 
part by the School of Mechanical Engineering under the matching-fund 
provision of the grant. 
Dr. P. Durbetaki, Associate Professor of Mechanical Engineering 
performed the flame ignition studies, assisted by Graduate Research Assis-
tant Mr. Edward R. Champion. 
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SUMMARY 
The work reported herein was carried out at the Georgia Institute 
of Technology during the second reporting period from April 1, 1972 
through June 30, 1972, sponsored by the National Science Foundation 
under the RANN program (Research Applied to National Needs) and mon-
itored by the Government-Industry Research Committee on Fabric Flam-
mability (GIRCFF). The work constitutes a continuation of the re-
search carried out under the previous NSF Grant GK-27189 and under the 
same GIRCFF program during the contract period from November 1, 1970 
through November 30, 1971 [1]*. The GIRCFF program involves, besides 
the Georgia Institute of Technology, the Massachusetts Institute of 
Technology [2], the Factory Mutual Research Institute [3] and the 
Gillette Company Research Institute [4,5]. 
The purpose of the experimental and analytical research performed 
at the Georgia Institute of Technology is to provide the modeling rules 
and the fabric characteristics needed for determining the fabric ignition 
probability for given exposure to a heat source. 
The Experimental Program consists of four tasks: (1) the fabric 
property measurements, (2) the measurement of the moisture effects on 
fabric ignition time, (3) the assessment of the heating mode on ignition 
time, and (4) the collection of statistical fabric ignition data. 
1. The fabric properties relevant to the description of the 
ignition process are the fabric ignition or melting temperatures, the 
specific heat, the thermal conductance, the radiative absorptance and 
the parameters of chemical reaction kinetics, namely activation energy, 
pre-exponential factor and reaction enthalpy. 
During this second reporting period the Setchkin furnace modifi-
cation was completed, the furnace core temperature distribution re-
checked and the furnace temperature calibrated against furnace and air 
preheater power settings. The total of 32 auto ignitions and 26 pilot 
ignitions has been carried out. .This completes the ignition temperature 
measurements on the GIRCFF Fabrics. 
*Numbers in square brackets refer to the Bibliography of this report. 
iii 
Thirty-three additional enthalpy measurements were completed on the 
ten Secondary GIRCFF Fabrics. Except for additional data verification on 
two fabrics, the enthalpy measurements on the Secondary GIRCFF Fabrics 
is completed. Specific heat data are presented. 
Ten additional thermal conductance measurements were carried out on 
the Secondary GIRCFF Fabrics, all at the intermediate contact pressure 
of 866 N/m2 and in the temperature range between 88 and 95 ° C. 
The fabric mass per unit area and fabric thickness was measured on 
all ten Secondary GIRCFF Fabrics. 
Precharring of all GIRCFF Fabrics, for the purpose of measuring the 
optical properties on thermally decomposed samples, has been completed. 
The supplementary equipment to be used with the METTLER thermo-
analyzer 2 of the School of Chemistry at Georgia Institute of Technology, 
for the measurement of reaction parameters of the fabrics has been re-
ceived. Four preliminary DTA/TGA measurements were performed on GIRCFF 
Fabric No. 2. 
2. The measurement of moisture effects on fabric ignition time con-
sists of (a) measuring the fabric ignition times on desiccated samples of 
the ten Secondary GIRCFF Fabrics with the Ignition Time Apparatus, in 
accordance with the methods described in Reference [1], and (b) repeating 
the above task in a psychrometrically controlled environment, at three 
different humidity levels, but on the Primary GIRCFF Fabrics. 
During this second reporting period the measurement of ignition time 
on the ten desiccated Secondary GIRCFF Fabrics has been completed by 
performing the total of 94 single-shutter experiments at six heating 
intensities between 0.25 and 16 Wcm2 . 
The delivery of the psychrometrically controlled enclosure was six 
weeks late. The enclosure has been assembled and checked out at extreme 
temperature and humidity levels. Final connections between Ignition Time 
Apparatus and instrumentation, through the enclosure walls, are in pre-
paration. 
3. The effect of heating source on ignition time. While the ignition 
analysis developed in Reference [1] provides for due consideration of all 
possible heating modes, it must be verified experimentally. The verifi-
cation of the radiative heating mode has been in progress for considerable 
time [1,3 (and others)]. The third task has the objective to verify 
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the present mathematical ignition model under convective heating con-
ditions or to provide the necessary experimental information to modify 
the ignition model. 
During the second reporting period the design of the Convective 
Ignition Time Apparatus in the "static" test mode was completed and 
construction was carried out to near completion. The design was mod-
ified to use air cylinders for the actuation of the shutters instead of 
the springs that were originally considered. 
The design of the transport system for the "transient" tests has 
been initiated. 
A third burner, Fisher blast type has been selected and with some 
minor modifications will be used for the early tests. This burner pro-
vides usable fuel heat release rates from 140 watts to 2800 watts. The 
fabric will be exposed to flame through an aperture of one inch diameter 
in the fabric holder. 
4. The collection of statistical fabric ignition data for the pur-
pose of obtaining statistical confidence measures, such as ignition time 
frequency distribution and variance, consists of measuring, in the 
Ignition Time Apparatus [1] and in the controlled environment, the fre-
quency with which ignition occurs under square-pulse heating exposure. 
The timing circuit needed for activating the shutter of the Ignition 
Time Apparatus under dual shutter mode operation is being assembled and 
checked out. 
The Analytical Program is proposed to verify and modify as necessary 
the complete and partial modeling analyses developed during the last 
year's program, specifically by including the experimentally obtained 
reaction kinetics of pyrolysis, and convective heating in the gas flame. 
The analysis is scheduled to be continued after reaction kinetics have 
been measured. No work was performed on the analysis during the second 
reporting period. 
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I. PROGRAM OBJECTIVES AND PREVIOUS WORK 
A. Objective  
The Government-Industry Research Committee on Fabric Flammability 
(GIRCFF) is monitoring a research program to provide the necessary scien-
tific foundation for legislation required to reduce the hazard of fabric-
originated butn injuries. As one of four participating laboratories, 
the Fire Hazard and Combustion Research Laboratory in the School of 
Mechanical Engineering at Georgia Institute of Technology, is performing 
an analytical and experimental study with the objective of predicting the 
fabric ignition probability for prescribed exposure time as a function of 
measured fabric properties and exposure conditions. This effort is funded 
by the National Science Foundation under its second one-year grant and 
as part of the RANN program. 
The achievements attained during the first year contract period are 
reported in Reference [1]. Thermophysical properties were measured on the 
first ten of twenty fabrics selected by GIRCFF and referred to as the 
Primary GIRCFF Fabrics*. Ignition times were measured under radiative 
heating on desiccated samples of the Primary GIRCFF Fabrics. Complete and 
partial modeling analyses were performed for the fabric ignition process. 
The comparison of analytical with experimental ignition data indicated a 
significant influence of pyrolysis on ignition time. 
The objectives of the current contract period are (a) to extend the 
experimental program over the remaining ten fabrics, i.e. the Secondary 
GIRCFF Fabrics. listed in Table 2, (b) to include into both the experimen-
tal and analytical efforts the consideration of fabric moisture content 
and thermal decomposition, (c) to predict ignition or melting time under 
convective heating in the gas flame, and (d) to determine the fabric 
ignition probability as a function of exposure time, heating intensity and 
fabric properties. 
The Experimental Program serves to provide the fabric characteristics 
relevant to the ignition process, to verify the analytical ignition models 








oz/sg.yd. Classification Fiber Composition Color 
. 	 . 
2 Textured Woven Blouse 100% Polyester Yellow 2.19 
5 T-Shirt, Jersey 100% Cotton White ■••• •■■ 3.97 
8 T-Shirt, Jersey 65/35% PE/C White 4.82 
10 Batiste 100% Cotton Purple ••■ 2.04 
11 Tricot 80/20% Acet./Nylon White 2.67 
12 Tricot 100% Nylon White 2.47 
13 Tricot 100% Acetate White 2.44 
17 Batiste 65/35% PE/C White 2.53 
18 Flannel 100% Cotton White 3.69 





LIST OF TEN SECONDARY GIRCFF FABRICS 
Weight 
oz/sq.yd. Fiber Composition 
Chemical 
Color 	Finish 
1 Durable Press Slack 65/35% P.E./CottOn White 	*DP treated 7.07 
3 Double Knit 100% Polyester White 5.83 
4 Denim 100% Cotton Navy 8.66 
6 	- Untreated Slack 65/35% P.E./Cotton White 	--- 6.99 
7 Jersey Tube Knit 100% Acrylic Gold 2.64 
9 Terry Cloth 100% Cotton White 7.42 
14 Taffeta 100% Nylon White 1.67 
15 Durable Press Slack 65/35% P.E./Rayon Brown 	DP treated 6.62 
16 Shirting 50/50% P.E./Cotton White 3.91 
20 Flannel 100% Wool Navy Blue 6.48 
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and to establish statistically the confidence to be expected of the ig-
nition data. The relevant fabric characteristics are the ignition or 
melting temperatures, density, specific heat, thermal conductance, radia-
tive absorptance, activation energy, order of reaction, pre-exponential 
factor and reaction enthalpy. In order to verify the analytical ignition 
models, the fabric ignition time is measured under carefully controlled, 
radiative and convective (gas flame) heating conditions. The statistical 
confidence of the experimental ignition data under radiative heating is 
obtained by measuring the ignition frequency as a function of heating 
intensity, fabric moisture content and exposure time. 
The specific objectives and the achievements attained during the 
second reporting period are presented in Chapter II. 
The Analytical Program has the purpose of advancing, under inclusion 
of fabric humidity and pyrolysis effects, the complete and partial model 
analyses developed during the previous contract period with the objective 
to predict the fabric ignition time in terms of fabric properties and 
process parameters. The program is designed further to assess the expected 
error of partially modeling the ignition process. For fabrics which melt 
prior to ignition,the melting time is substituted for ignition time. 
As there was no analytical work scheduled during the second reporting 
period, pending the development of experimental data on reaction kinetics, 
no discussion of the analysis is included in this report. 
B. Achievements During First Reporting Period 
Details of the accomplishments during the first reporting period, 
together with experimental results obtained during that period, are given 
in the fourth quarterly report [6]. A brief summary is given below. 
1. Experimental Program  
a. Fabric Property Measurements  
Task 1: Fabric Ignition and Melting Temperatures.  The modified 
Setchkin Furnace was reconverted from enthalpy to ignition temperature 
measurements and an air preheater for purge air conditioning designed, 
5 
constructed and installed. 
Task 3; Specific Heat. Eighteen fabric enthalpy measurements 
were performed on GIRCFF Fabrics No. 1, 4, 9 and 15, in the temperature 
range between 100 and 300 ° C. Previously obtained enthalpy data were 
reevaluated. 
Task 4: Thermal Conductance. Thirty conductance measurements 
were carried out in the temperature range from 60 to 180 ° C. One ano-
malous fabric of the Primary GIRCFF Fabric Set, Fabric No. 12, was re-
measured and its previously obtained conductance data was confirmed. 
Task 5: Optical Fabric Properties reflectance and transmittance 
were measured successfully on eight Secondary GIRCFF Fabrics in their 
original states. 
Task 6: Reaction Kinetic Parameters. Supplementary equipment 
to be used with the METTLER Thermoanalyzer 2 of the School of Chemistry 
at Georgia Tech was selected and ordered. 
b. Fabric Ignition Time Measurements and Moisture Effects. The 
Ignition Time Apparatus was recalibrated after completion of the second 
shutter assembly. The failure of the heat flux meter interrupted fabric 
testing. The thermostatically and psychrometrically controlled enclosure 
was selected and ordered from Environair Systems, Inc. East Longmeadow, 
Mass. Its delivery had been scheduled for May 3, 1972. Ignition data 
previously obtained were reevaluated with mean values of specific heat. 
c. Effect of Heating Mode on Fabric  Ignition Time. The Convective 
Ignition Time Apparatus was designed in overall concept and operational 
procedures were established. Techniques for flame characterization were 
developed. 
d. Ignition Time Statistics. The electronic timing circuit required 
for operating the Radiative Ignition Time Apparatus under dual shutter mode 
was designed, and the necessary components were ordered. A shutter posi-
tion sensing circuit was completed. 
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II. EXPERIMENTAL PROGRAM 
The basic objectives of the experimental program are outlined in 
Chapter I. The entire experimental program is divided into four major 
parts: the property measurements consisting of six subtasks, the mea-
surement of fabric ignition time and of moisture effects on ignition 
time, the investigation of the effect of heating modes on fabric ignition 
time and the measurement of fabric ignition time frequency under radiative 
heating. Specific objectives and accomplishments during the first re-
porting period, of these four major program phases, are presented in the 
following four sections, Sections A through D. 
A. Fabric Property Measurements  
1. Purpose  
The property measurement program is designed to provide (a) for the 
Secondary GIRCFF Fabrics, listed in Table 2, the following thermophysical 
properties: fabric ignition or melting temperature, fabric density, spe-
cific heat, thermal conductance and radiative absorptance and (b) for the 
Primary GIRCFF Fabrics, listed in Table 1 below, the reaction kinetics 
parameters, namely activation energy, pre-exponential frequency factor, 
order of reaction and reaction enthalpy, all averaged over the pre-ignition 
processes. These properties are necessary to describe the ignition pro-
cesses via the ignition models presented in Reference [1]. 
The objectives listed under (a) above are carried out, in five tasks ) 
 in accordance with the test specifications, test procedures and with the 
instrumentation discussed in Reference [1], Appendix B, as follows: 
Task 1. Fabric Ignition or Melting Temperature, measured as discussed in 
Appendix B.4, pg. 142 [1]. 
Task 2. Fabric Mass Per Unit Area, simply obtained by weighing square 
samples of approximately 160 cm
2 
area, after desiccation, on an 
analytical balance. 
Task 3. Specific Heat of Fabrics, obtained as discussed in Appendix B.2, 
pg. 126 [1]. 
Task 4. Thermal Conductance (or product of fabric density and thermal 
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conductivity), measured in accordance with Appendix B.3, 
pg. 136 [1]. 
Task 5. Radiative Absorptance, derived from measurements of reflectance 
and transmittance, as presented in Appendix B.5, pg. 153 [1]. 
The parameters of reaction kinetics listed under item (b) above are 
to be obtained simultaneously, in Task 6, through thermogravimetric and 
differential thermal analyses in the TG/DTG/DTA METTLER Thermoanalyzer 2 
[6]. The thermal decomposition is scheduled to be performed in air at 
1 atm and at two selected heating rates in the range between 5 and 
60 ° C/min. N
2
-environment can be provided. 
Listed below are first the achievements attained during the second 
reporting period, then the development details and experimental results. 
2. Achievements During Second Reporting Period: Fabric Property Measure-
ments 
Task 1. The fabric ignition or melting temperature was measured in a 
modified Setchkin Furnace (Appendix B.4 in Reference [1]). The 
furnace had been considerably modified during the first reporting 
period. During the second period final wiring and furnace cali-
brations ware completed. The calibrations consist of verifying 
temperature uniformity within the furnace core and of balancing 
the power supplies to air preheater and furnace, for maximum 
temperature uniformity within that furnace. Thirty-two auto ig-
nition and 26 pilot ignition temperature tests were carried out. 
This completes the basic ignition temperature measurements on 
the GIRCFF Fabrics. Results are reported in Section 3 below, 
under Task 1. 
Task 2. The mass per unit area was obtained for all ten Secondary GIRCFF 
Fabrics by weighing square, desiccated samples of 5 in. by 5 in. 
size on an analytical balance. Fabric thickness was measured on 
the same fabrics with a micrometer. Results are given in Section 
3 under Task 4. 
Task 3. The specific heat of fabrics as a function of temperature is 
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obtained from enthalpy measurements (Appendix B.2 in Reference 
[1]). During the second reporting period the total of 33 enthalpy 
measurements was performed on the eight GIRCFF Fabrics No. 3, 6, 
7, 9, 14, 15, 16 and 20, in the temperature range between 100 ° C 
and 300 ° C. Apparent discrepancies in the results of two GIRCFF 
Fabrics No. 3 and 7 	require further enthalpy measurements. 
Task 4. The thermal conductance is measured in a guarded hot plate ap-
paratus (Appendix B.3 in Reference [1]). During the second re-
porting period the total of 10 conductance measurements was per-
formed on the Secondary GIRCFF Fabric Set at a contact pressure 
of 866 N/m2 and in the temperature range of 88 ° C to 95 °C. The 
results of the thermal conductance measurements are presented 
in Section 3 below. 
Task 5. Optical fabric properties reflectance and transmittance are 
measured in an integrating sphere reflectometer (Appendix B.5 
in Reference [1]). All twenty GIRCFF Fabrics were charred in 
a furnace at the mean temperature between 24 ° C (room temperature) 
and ignition or melting temperature, for the purpose of mea-
suring optical properties at the state associated with that 
mean temperature. 
Task 6. The supplementary equipment ordered during the first reporting 
period for use on the METTLER Thermoanalyzer 2, of the School of 
Chemistry at Georgia Tech, was received and consists of 1 Middle 
Range Furnace, 3 different Sample Holders, and 2 Platinum cru-
cibles. An extensive literature survey was performed dealing 
specifically with the techniques of DTA and TGA. Several articles 
[7, 8, 9] were most helpful in preparing the sample, choosing 
a reference material, and analyzing the results. A search of 
textiles, polymer, and plastics literature was also made for 
the purpose of finding quantitative data on the activation energy, 
pre-exponential factor, order of reaction and the heat of reaction 
of textiles. Incomplete data was found for cellulose and nylon 
only. Experimental data on thermal decomposition of all GIRCFF 
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Fabrics, taken by Dr. R. J. McCarter of the National Bureau of 
Standards were received and their evaluation is being prepared. 
Familiarization with the Mettler Thermoanalyzer 2 was accom-
plished with the assistance of Dr. Pierre Claudy, who is cur-
rently with the School of Chemistry at Georgia Tech. Under 
Dr. Claudy's guidance four familiarization tests were performed 
on GIRCFF Fabrics No. 2 and the results qualitatively analyzed. 
3. Development Details and Test Results: Fabric Property Measurements  
Task 1. Ignition or Melting Temperature Measurements  
The basic procedure of measuring ignition or melting temperatues 
was retained as described in Appendix B.4 of Reference [1]. Two improve-
ments in the design of the test apparatus were made to achieve uniform 
furnace core temperatures [6, pg. 9]. 
Auto and pilot ignition data taken during the second reporting period 
are presented in Tables 3 and 4, respectively, The auto ignition and 
melting temperatures of all GIRCFF Fabrics are presented graphically in 
Figure 1, the pilot ignition temperatures of all GIRCFF Fabrics which 
ignite without prior melting are presented in Figure 2. A complete 
summary of ignition and melting temperatures is given in Table 5. 
Ignition of molten fabrics has not been investigated since the pre-
sent interest lies essentially in the occurrence of thermal fabric des-
truction rather than in the interaction between skin tissue and burning 
fabric or molten fabric. 
Preliminary conclusions are that thermoplastics melt between 235 and 
265 ° C, cotton fabrics self-ignite generally between 290 and 330 ° C and that 
polyester/cotton blends have higher auto ignition temperatures than both 
cotton and polyester. Wool ignited at 480 ° C without pilot. 
Exceptional results were obtained for the fire retardant Cotton 
Flannel, GIRCFF Fabric No. 19, which ignited without pilot between 480 
and 497 ° C, and for the Cotton Batiste, GIRCFF Fabric No. 10, with its 
self-ignition interval of 429 to 439 ° C. Cotton Batiste has a relatively 
low mass per unit area and may have to be heated to a relatively high 
temperature before the rate of volatile evolution becomes sufficiently 
Table 3. SELF IGNITION AND MELTING TEMPERATURE DATA OF  
THE FABRICS MEASURED DURING THE  
SECOND REPORTING PERIOD 
Ignition . 	 Melting • 





# 3 # 7 
GIRCFF FABRIC 
# 14 II 	15 # 16 Air Temp. 	9: 
209 0 0 0 0 
226 •0 0 0 0 
236 C) C) 
246 C) 11 11 0 
255 21 
261 0 
300 0 0 
333 0 0 
372 C) 0 
400 0 , 0 







Table 4. 	PILOT IGNITION TEMPERATURE DATA  
OF THE FABRICS MEASURED DURING  
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6. Untreated Slack 
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8. T-shirt Jersey 
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8. T-shirt Jersey 
9. Terry Cloth 
10. Batiste 










Figure 2. Pilot-Ignition Temperatures 
Table 5. SUMMARY OF SELF AND PILOT IGNITION AND MELTING TEMPERATURES  
Temperature, °C  
GIRCFF 
Fabric No. 	 Self-Ignition, Melting  
	
1 	 416-409 	 337-331 
2 262-255 M** 
3 	 255-246 M 
4 297-287 	 290-280 
290-280 * 
5 	 311-301 	 311-301 
327-318 
6, 	 416-409 	 345-337 
7 246-236 M 
8 	 450-439 	 316-304 
443-416 
9 	 308-297 	 297-290 
10 439-429 351-339 
443-434 
11 	 237-218 M 
12 255-237 M 
13 	 237-218 M 
14 246-236 M 
15 	 426-419 	 337-331 
16 473-466 360-353 
17 	 480-463 	 384-368 
18 311-301 294-278 
19 	 497-480 	 329-316 
20 480-463 329-316 
* check on reproducibility 
** M represents melting 
14 
15 
high to produce an ignitable volatile-air mixture. 
Task 2. Fabric Density Measurements  
Square fabric samples with sides of 5 x 5 in. were desiccated and 
weighed on an analytical balance. The fabric thickness was obtained by 
averaging four thicknesses as measured with a micrometer, the fabric 
being placed between plane-parallel plates under the net contact pres- 
sure of 528 N/m
2 
 . 
Results are shown in Table 7 for the Second Primary GIRCFF Fabrics. 
Task 3. Specific Heat Determination 
The operating procedure for the enthalpy measurements was slightly 
changed from the procedure described in Appendix B.2 of Reference [1], 
in that larger fabric samples of approximately 150 g were tightly 
wrapped in aluminum foil and heated in a Cole-Parker Type 1400 Furnace 
rather than in the Setchkin Furnace. Use of the new furnace freed the 
Setchkin Furnace for ignition temperature measurements, and the larger 
sample mass is necessary to compensate for mass losses particularly 
above 200°C. 
Care is taken to heat all samples equally long, namely 20 hours, 
prior to the transfer into the calorimeter, by means of thermally insu-
lated prongs. 
The results are shown in Figures 3 through 10 for the eight GIRCFF 
Fabrics tested during the second reporting period. Fabrics GIRCFF Nos. 1 
and 4 were reported in Reference [6]. 
Specific Heat Data for the ten Secondary (=TUFF Fabrics are summarized 
as a function of temperature in Table 6. 
Task 4. Thermal Conductance of Fabrics  
The thermal conductance, that is the ratio of thermal conductivity 
to density, is obtained in a guarded hot plate apparatus described in 
Appendix B.3 of Reference [1]. A preliminary summary of test results, 
all obtained for the Secondary GIRCFF Fabrics, at the contact pressure 
0 









Figure 3. Enthalpy vs Temperature F.Jr . 
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Figure 7. Enthalpy vs Temperature For 


















Figure 8.Enthalpy vs Temperature F)r 






















Figure 9. Enthalpy vs Temperature For 
50/50% Polyester/Cotton; GIRCFF No. 16 
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Figurelo,Fathalpy vs Temperature For 
100% Wool; GIRCFF No. 20 
60 
Table 6. SPECIFIC HEAT OF FABRICS  
GIRCFF 
Fabric No. 






1 	200 225 I 250 1 	275 
Specific Heat in Ws/ .(gC) 
1 1.24 1.29 1.38 1.43 1.47 1.50 1.53 1.56 
3 1.10 1.17 1.36 1.50 1.67 1.89 2.16 --- 
4 1.23 1.29 1.40 1.46 1.50 1.53 1.55 --- 
1.16 1.21 1.32 6 1.39 1.48 1.59 --- --- 
7 * 1.40 . . 	1.53 1.92 2.23 --- --- --- --- 
9 1.21 1.32 1.53 1.61 1.64 --- --- --- 
14 1.66 1.73 . 1.86 1.96 2.13 2.39 
15 1.03 1.15 1.37 1.47 1.55 1.62 1.66 --- 
16 1.21 1.26 1.37 1.41 1.44 1.45 --- --- 
20 1.27 1.27 1.27 1.27 ' 	1.27 --- --- 
*Preliminary Results 
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mW cm-2 C-1 
1 24.04 23.49 0.0464 88.7 15.71 
3 19.82 20.91 0.0953 92.0 5.46 
4 29.44 29.63 0.0575 90.2 13.05 
6 23.77 23.57 0.0476 88.9 14.53 
7 8.98  15.13 0.0791 88.3 7.93 
9 25.23 26.48 0.2080 15.3 2.98 
14 5.68 5.66 0.0110 88.2 27.80 
15 22.51 22.82 0.0421 89.0 15.37 
16 13:29 13.14 0.0321 90.7 19.72 
20  22.03 19.93 0.0721 91.7 7.00 
*Contact Pressure of 866 N/m . 
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of p = 528 N/m
2
, were presented in Table 4 of Reference [6]. 
Results obtained during the second reporting period are listed, 
together with density and mass per unit area, in Table 7 below. They 
are the conductance under intermediate contact pressure p = 866 N/m
2
. 
B. Fabric Ignition Time And Moisture Effects 
(Radiative Heating) 
1. Purpose  
The objective is to measure the ignition time defined as the time 
span between instantaneous fabric exposure to a well known, uniform and 
time-invariant heat flux, and the fabric destruction either through com-
plete melting or ignition. The ignition time is the central parameter 
in the definition of ignition probability and must be measured for the 
verification of its analytical prediction. 
The schedule calls for the determination of ignition time on the 
ten Secondary GIRCFF Fabrics, after desiccation of these fabrics, in the 
heating intensity range between 0.25 and 16 W/cm
2 
and for the ignition 
time measurement on both the Primary and Secondary GIRCFF Fabrics at 
three levels of relative humidity between 5% and 95% relative humidity. 
2. Achievements During Second Reporting Period  
The ignition time under radiative heating is meas-red in the Radia-
tive Ignition Time Apparatus in accordance with the pioLedures described 
in Reference [1], Appendix Bl. 
During the second reporting period a new radiative heat flux meter 
was modified and calibrated for specific use in the Radiative Ignition 
Time Apparatus. 
The total of 94 ignition times was measured on all ten Secondary 




For the purpose of efficient updating of ignition time data evaluation 
a computer code was written which also plots the results in final form. 


































Figure 11. Summary of Ignition and Melting Times for Secondary 
GIRCFF Fabrics. 
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The thermostatically and psychrometrically controlled enclosure 
described in Progress Report No. 4 [6], was delivered, assembled, and 
tested by representatives of Environair Systems, Inc. The enclosure 
was turned over the Georgia Tech on June 16, 1972 and preparations are 
being made to transfer the Ignition Time Apparatus into the enclosure. 
3, Results  
Figure 11 presents a summary of the ignition and melting times, 
in non-dimensional forms, for the Secondary GIRCFF Fabrics No. 1, 3, 
4, 7, 9, 15 and 20. GIRCFF Fabrics No. 6, 14 and 16 have not yet been 
evaluated pending the verification of some property data. 


























c), or ratio of thermal 
conductivity k over thickness 6 
ignition time (s), or melting time 
 
mass per unit of fabric area, (g/cm
2
), p is fabric density 
specific heat of fabric, (Ws/g K) 
ignition temperature (self ignition) (K), or melting 
temperature 
initial, fabric temperature, equal to environmental temper-
ature, (K) 
radiative fabric reflectance, (-) 
    
(NBi ) rad (E) (Ti,m-T0 ) 
C. Effect of Heating Mode on Fabric Ignition Time  
1, Objective 
The purpose is to provide a well defined convective heat source in 
the form of a gas flame and to measure fabric ignition time under two 
conditions: (i) the stationary ignition test, where the fabric is sud-
denly exposed to a time-invariant convective heat source, and (ii) the 
transient ignition test, where the fabric is moved into the convective 
heat source at a predetermined velocity, In the first case one measures 
the time from initial exposure of the fabric to the heat source, to ig-
nition. In the second case one measures the time from initial start of 
the motion, from the flame boundary, to ignition, for different rates of 
motion. 
The Convection Ignition Time Apparatus is being designed to meet 
the following conditions: 
(a) Specimen heating by a gaseous fuel-air flame, provided by a 
variable fuel rate burner. 
(b) Specimen exposure to the flame, for the static tests, through 
a shutter providing full exposure of the sample in five-
hundredths of a second or less. 
(c) Specimen side of shutter not to exceed 150 °F, to avoid pre-
heating of the sample. 
(d) Specimen transport for the transient tests at different speeds 
between 2 in/sec and near zero. 
The major components of the Convection Ignition Time Apparatus are 
the shutter system, the gas burner, the sample transport system, and 
instrumentation for flame characterization, ignition detection and timing. 
.2. Achievements During the Second Reporting Period: Convective Ignition  
Time Apparatus  
During the second reporting period the design of the "static" test 
apparatus was completed. Construction was started and at this reporting 
time the construction is in the final stages of completion. 
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The design of the sample transport system for the transient tests 
has been initiated and is expected to be completed by mid-July. 
Two air cylinders were selected and purchased for the supply of 
compressed air used to activate the shutter system. 
A third burner was selected for use with the Convective Ignition 
Time Apparatus. 
3. Development Details and Results: Convective Ignition Time Apparatus  
The operating principle and the major components of the Convective 
Ignition Time Apparatus are described in detail in the fourth Progress 
Report [6]. New developments are summarized below. 
All components are designed to be mounted onto a one inch thick 
base plate made of aluminum tooling plate which form a table for the 
apparatus. A six inch diameter opening in the plate exposes the sample 
to the burner flame either through use of the shutter system in the static 
test or through employment of the sample transport system in the transient 
test. 
Shutter Design Details  
During the second reporting period the concept of spring-operated 
shutter plates was discarded in favor of shutter activation by two com-
pressed-air operated cylinders. Each of the two shutter plates is an 
eight inch by eight inch by one-eight inch copper plate. One plate has 
a 1/4 inch by 1/8 inch by 7 3/& inch stop for the other shutter plate 
which is constructed such that it has a 2 1/2 inch by 1/8 inch by 
7 3/8 inch portion and overlaps the stop of the first plate to shield 
the center portion of the flame. The overlap of the plates allows 
acceleration of the plate before exposure to make possible a short time 
interval for total exposure of the sample to the flame. 
Each shutter is positioned below and adjacent to the base plate 
and is supported by a shutter support (2) and a shutter support rod 
(3) (See Fig. 12). The support rod is mounted on an air operated cylin-
der (Parker-Hannifin Model CC-2A 14C 1.5). Initially the air cylinder 
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Figure 12. Side View of Convective Ignition Time Apparatus 
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rod is extended as shown in Figs. 12 and 13. A solenoid value is 
then actuated to pressurize the cylinder and thus retracts the shutter, 
which in turn exposes the fabric sample to the flame. 
To cool the plates during exposure to the flame a 1/8 inch diameter 
copper tube will be soldered to the lower side of the plates. Before 
the burner is ignited, water will be passed through the tubes. Flexible 
hoses will connect the cooling coils to the water source and the drain. 
The shutter plates will be guided by a track consisting of two sets 
of three pieces of retangular brass bar with thickness of 1/32 inch (6), 
1/8 inch (7) and 3/16 inch (8) (See Fig. 12), 
Superstructure and Sample Carrier 
The superstructure consists of (i) four 1/2 inch diameter by fourteen 
inch long rods threaded into the base plate, (ii) four, one inch O.D. by 
twelve inch long brass tubes surrounding the threaded rods (12), (iii) two 
brass end supports (11), (iv) two, 1/2 inch diameter by twenty-six inch 
long Thompson 60 Case Hardenedard Ground shafts (13), (v) four No. A-81420 
Thompson Ball Bushings, and (vi) a sample carrier. 
The sample carrier consists of the sample holder, the supporting 
vertical adjusting rod and a cradle to support various sample holders. 
A first sample holder is designed to expose a one inch diameter 
fabric sample to the flame for the blast type burner (Fisher Scientific 
No. 3-910-5). Another sample holder has also been designed to provide 
a two and one half inch aperture for the Fletcher Burner (New York Labor-
atory Supply Company No. 19338) which delivers a 4 1/2 inch diameter solid 
flame. The holders will be made of stainless steel and are designed large 
enough to prevent the flame from engulfing the entire fabric holder. A 
3/8 inch diameter rod will be used to adjust the vertical position of the 
holder. 
The cradle supports the sample holder through the vertical support 
rod. The vertical height of the rod and sample holder is maintained by 
the aluminum clamp. The cradle is mounted by four aluminum blocks, which 
house the Thompson linear ball bushings, allowing horizontal movement of 
the sample. 
Two 28V DC, 0.01 hp, 450 rpm motors are to be used for the "transient" 
tests to move the cradle with the sample over the flame. The gearing 
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Figure 13. Top and Bottom Views of Convective Ignition Time Apparatus 
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mechanism is in the design stage and is expected to be completed by mid 
July. 
The Burner  
In order to provide adjustment for the flow rates of both the fuel 
and the air, a third burner was selected with such a capability. This is 
the blast type burner of Fisher Scientific No. 3-910-5. The ports of 
the air are totally blocked and all air to the burner is provided from 
the compressed air supply in the laboratory. The air is first filtered 
and the moisture is removed by a desicant. It is then metered through a 
pressure regulator and monitored by a variable-area flow meter. 
Preliminary tests of the three burners, (i) Boiling Type, Preiser 
Scientific No. 10-9215, (ii) Fletcher Burner, New York Laboratory Supply 
Co. No. 19338, and (iii) Blast Type, Fisher Scientific Co. No. 3-910-5, 
have shown the desirability to use initially the blast type burner in the 
modified manner discussed above. During the next reporting period more 
extensive modifications will be carried out with either or both of the 
other burners before they are used with the Convective Ignition Time 
Apparatus. 
The blast type Fisher burner provides a usable flame, for the proposed 
ignition tests, with a minimum methane fuel rate of 10 g/hr and a maximum 
fuel rate of 200 g/hr. This represents a heat release rate by the fuel 
from 140 watts to 2800 watts. 
Temperature profiles at 3/8 inches above the top surface of the burner, 
at three fuel rates are shown on Figure 14. One inch is scaled on the 
graph to show the aperture in the fabric holder through which the material 
will be exposed to the convective heat source. 
The temperature profiles, with a fixed fuel rate, at four heights 
above the top surface of the burner are shown on Figure 15. Again a one-
inch scale is included for reference. 
D. Measurement of Ignition Time Statistics  
1. Purpose  






















































































the measured ignition time is a unique function of heating intensity for 
fixed fabric properties and conditions. More specifically, there are to 
be obtained 
the statistical distribution function of fabric ignition time 
vs. heating intensity 
the expected ignition time 
the •ariance of ignition time 
for determining a confidence measure associated with ignition experiments 
on fabrics. ' 
The exposure time, heating intensity and humidity level are carefully 
controlled as independent variables; the dependent variable is the fre-
quency with which ignition occurs. The frequency thus obtained leads to 
the probability of ignition under experimental exposure. The real-life 
fabric ignition probability is then related to the laboratory ignition 
probability via the stochastic behavior of people, that is the exposure 
frequency. 
The application of the Radiative Ignition Time Apparatus to achieve 
this objective and the operating procedures are described in the fourth 
Progress Report [6], Chapter I.D. 
2. Achievements During First. Reporting Period  
(Ignition Time Statistics) 
Developments concerning the environmental enclosure controls have been 
discussed in Section B.2 of this chapter. The wiring of the timing cir-
cuit required for activating the shutter release mechanisms of the Radia-
tion Ignition Time Apparatus is being assembled and tested. 
III. EFFORTS PLANNED FOR THE SECOND 
REPORTING PERIOD 
Below are listed the advances planned for the third reporting 
period ending September 30, 1972. 
A. Experimental Program 
1. Property Measurement Program  
Task 1. Ignition Temperature Measurement  
The auto and pilot ignition temperature measurements are 
completed. Supplementary experiments are planned to 
monitor fabric temperature during the ignition process. 
Task 2. Fabric Density Measurements  
Complete. 
Task 3. Specific Heat Measurements  
Verification of two enthalpy measurements will be completed. 
Task 4. Thermal Conductance Measurements  
Will be continued. By the end of the second reporting period 
will be measured the thermal conductance at the third con- 
tact pressure of 1370 N/m2 , on all ten Secondary GIRCFF Fabrics. 
Task 5. Radiative Property Measurements  
Reflectance and Transmittance will be measured on fabrics 
charred at the arithmetic mean temperature between 24 ° C, the 
most frequent initial temperature in ignition time measure- 
ments, and the ignition or melting temperature. These 
measurements will be completed on the primary GIRCFF Fabrics 
early during the third reporting period. 
Task 6. Reaction Kinetics Measurements  
During the third reporting period the DTA/TGA measurements will 
be completed and evaluated. 
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2. Fabric Ignition Time Measurements and Measurements of Moisture  
Effects on Ignition Time  
During the third reporting period the Radiative Ignition Time 
Apparatus will be installed into the psychrometrically and thermally 
controlled enclosure and ignition times will be measured on the ten 
primary GIRCkn Fabrics at 60% and 90% relative humidity at 75 °F 
initial fabric temperature. 
3. Effect of Heating Mode on Fabric Ignition Time  
During the early part of the third reporting period construction 
of the Convective Ignition Time Apparatus for the "static" tests will 
be completed and shake-down tests will be carried out. The design of 
the apparatus for the "transient" tests will be finalized during the 
first part of this reporting period and built during the middle part of 
the reporting period. 
Tests for the flame characterization of the blast type burner will 
be carried out during the early part of the third reporting period as well 
as needed during the remainder part of the period. One or both of the 
other two burners will be modified to yield a usable flame to expose 
the fabric to a 2 1/2 inch constant temperature convective source of 
ignition. 
Tests with fabrics in the static mode will be initiated during 
the last half of the third reporting period. 
4. Measurement of Ignition Time Statistics  
During the third reporting period the electronic timing circuit 
for the dual shutter operation will be completed and the repetitive, 
dural shutter mode operation will be started during the third month 
of the third reporting period. 
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B. Analytical Program  
The computer code developed during the last year contract period 
will be utilized in conjunction with the measured reaction kinetics 
papameters to predict ignition time. 
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FOREWORD  
The research described herein is being funded and supported by the 
National Science Foundation under the RANN Program (ResearchApplied to 
National Needs). The work originated in November of 1970, Ill from the 
need for fabric flammability standards as formulated by the Government-
Industry Research Committee on Fabric Flammability (GIRCFF) in an effort 
to provide the technical background for satisfying the Flammable Fabrics 
Act of 1953 as amended in 1967. 
The project is being performed in the Fire Hazard and Combustion 
Research Laboratory of the School of Mechanical Engineering at the 
Georgia Institute of Technology under the Principal Investigators, Dr. 
Wolfgang Wulff and Dr. Pandeli Durbetaki. Participating in the research 
are Research Associate, Dr. Calvin Lee, Ph. D. candidate Edward R. 
Champion, M. S. candidates Oscar A. A. Naveda, Craig L. Wedel, Paul T. 
Williams and Robert L. Acree. 
The research is being supported in part by the School of Mechani-
cal Engineering under the matching fund provision of the grant. The 
interest in, and the support of, this research by the National Science 
Foundation is greatly appreciated. 
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ABSTRACT 
This semiannual report covers the research performed during the 
time from February 1, 1973 through July 31, 1973. Research performed 
previously during the period from Nov. 1, 1970 through December 31, 1972 
is described in detail in the annual reports 11, 2] submitted to the 
Government-Industry Research Committee on Fabric Flammability. The 
results have been published 13, 4] and presented 15, 6] in technical 
conferences on material flammability characteristics and fire research. 
A quantitative measure of a material's potential fire hazard, 
suitable for the purpose of defining flammability standards, has been 
established in terms of the probability that such material contribute to 
a fire-related loss. This probability depends on, among other factors, 
the probability of ignition after given exposure which in turn is a 
function of the material's ignition time [2, 5]. Experimental and 
analytical research has been performed to predict fabric ignition time 
as functions of fabric properties and heating intensity. Ignition 
probabilities have been derived from experimental ignition statistics. 
The objectives of the current program period are (i) to develop 
ignition criteria which are applicable to thermally thin and thick 
materials, (ii) to investigate the dynamic interaction between the heated 
surface and its boundary layer during the evolution of pyrolysates, (iii) 
to establish the relationship between laboratory experiments and actual 
heating conditions, and (iv) to expand previous experiments so as to 
assess the effects of geometry and materal combinations. The program is 
subdivided into seven tasks and the accomplishments are: 
Task 1: Ignition Temperature Measurement on Pyrolysate Air Mixture. A 
furnace has been designed and is under construction to decompose 
combustible materials in the absence of air. A test cell, in 
which to mix air with the decomposition products and to subse-
quently monitor the mixture temperature during heating until 
ignition occurs, is being designed. 
Task 2: Measurement of Convective Film Coefficient Under Simulated  
Pyrolysate Evolution. An air injection test cell has been 
designed and constructed to accommodate stainless steel wire 
cloths. The wire cloth is selected to simulate the fabric 
geometry and serves as part of a thermocouple circuit to 
measure its thermal response during heating in the existing 
Radiative Ignition Time Apparatus and Convective Ignition Time 
Apparatus. Installation of the test cell is under way. 
2 
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Task 3: Characterization Of:AttUAl'IgnitiOn'SOUttes. A heat flux and 
temperature scanning apparatus- is being designed to determine 
the heating conditions of household ignition sources for the 
purpose of relating their heating conditions to laboratory 
heating conditions. 
Task 4: Ignition Time Measurement on Fabric Assemblies Under Various  
Geometric Configurations. Thig task haS been rescheduled to 
commence with the Fall Quarter on September 19. 1973, since it 
involves the least effort in instrument modification. 
Task 5: Measurement of I nition Time Under Flame Heatin on Ten Secondar 
GIRCFF Fabrics. The total of 232 ignition time measurements was 
performed during the reporting period on both sets of fabrics 
originally selected by the Government-Industry Research Committee 
on Fabric Flammability (GIRCFF), to supplement the data from 139 
tests performed previously. Measurements performed so far 
essentially complete the testing of sixteen out of twenty fabrics. 
The results, obtained with both stationary and moving fabric 
specimen, under five different heating intensities, indicate that 
ignition or melting times under gas flame heating range between 
1 and 15 seconds. 
Task 6: Ignition Time Statistics. The total of 606 ignition tests have 
been performed during the reporting period and the ignition 
probability under given laboratory conditions has been estab-
lished for two additional fabrics, at three different environ-
mental humidity levels and three different heating intensities. 
Task 7: MOdeling Analysis for Composite Systems Ignited by Radiant and  
Convective Heating Sources. Governing field equations have been 
formulated for porous, semitransparent media and gaseous boundary 
layers. These equations are being transformed into integral 
forms. The purpose is to predict ignition time form an ignition 
criterion imposed on the reacting boundary layer, form material 
properties and from exposure conditions. 
There are currently three faculty members, namely two Principal 
Investigators and one Research Associate, five Graduate Research Assistants, 
namely one Ph. D. and four M. S. students and two senior undergraduate 
students involved in the research program. The anticipated date of 
completion for this research is March 31, 1974, twelve months after the 
first Academic Quarter commencement following the renewal of the contract. 
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1. INTRODUCTION  
Acceptable flammability standards for materials or final products 
must rationally relate suitable laboratory and field test results to the 
potential fire loss that could be related to such materials or products. 
The necessary relationships require a quantitative measure of hazard and 
must account for, firstly, the stochastic events which lead from product 
certification to all conceivable hazardous situations and, secondly, the 
combination of stochastic human behavior in fire with deterministic 
material response to fire. Unfortunately, the majority of currently 
employed flammability tests are applied without conceptual relation 
between hazard and test results but frequently with indefensible 
generalization. 
The concepts developed in connection with the study of fabric 
flammability garment fires and burn injury apply in principle to the 
assessment of fire hazard and the loss from building fires. 
The fire hazard of a material is defined and measured in terms of 
the probability with which such material might contribute to a specified, 
fire-related loss. Particularly, the burn injury hazard of any material 
equals the probability with which such material might contribute to a 
burn injury as specified by the relative area of the burn injury and the 
depth of tissue destruction. The burn injury probability is computed, 
via the construction of a decision tree, from partial probabilities 
associated with the events leading from material production to burn 
injury. These events fall into two classes, the class of selection events 
and the class of physicochemical events. Partial probabilities for 
selection events are computed from the relative frequency with which the 
material is selected for specific end uses and is likely to encounter 
accident-prone circumstances. Physicochemical processes, such as material 
ignition, extinguishment, flame spread and attendant tissue destruction, 
are transient in nature and the associated probabilities are functions of 
the ratio of characteristic times, namely the time during which the pro-
cess is allowed to proceed over the time which the process requires for 
its completion. 
The first physicochemical process in the chain of events is igni-
tion after given exposure to a heat source. The probability P(I/E) of 
ignition after given exposure under specified conditions is, in the case 
of normally distributed (Gaussian) ignition frequency 
X 
P(I/E) = 1/V27 r exp(-Z2 /2)dZ, 
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where X depends on the ratio of exposure time, T e over a median ignition 
time <T.> 
1 
X = (T e/<T i> —1)/ a 	 (1.2) 
and a represents the standard deviation of ignition time. The exposure 
time T reflects the stochastic response of the potential burn victim, 
while Ehe median ignition time depends primarily on material properties, 
geometry and exposure conditions. 
An experimental and analytical program is being carried out to 
predict fabric ignition time <T> as a function of exposure parameters 
and material properties. 
2. OVERVIEW OF PROGRESS  
2.1. 'Previous 'Accomplishments  
Accomplishments and results of research performed at the Georgia 
Institute of Technology during the period from November 1970 through 
December 1972 are detailed in previously published reports Il, 2] and 
briefly summarized here. 
Thermophysical fabric properties which characterize the ignition 
process have been measured, namely thermal conductance, specific heat, 
specific mass, ignition or melting temperature, optical properties, reac-
tion kinetic parameters and reaction enthalpy, on cotton nylon, polyester, 
acetate and wool fabrics and blends. 
Ignition or melting times have been measured on the same fabrics 
under radiative and convective (gas flame) heating. The median ignition 
time <Tm>, as well as the standard deviations a have been evaluated 
through probit analysis of ignition statistics for an igniting cotton 
fabric and a melting nylon fabric, respectively, as functions of radiative 
heating intensity and fabric moisture content. Ignition times have been 
measured on fabrics while these were either held stationary over the flame 
or moved through the flame at selected velocities. Ignition probabilities 
have been evaluated. Figure 1 represents a typical relation between 
ignition probability, exposure time and heating intensity for cotton 
fabrics. 
An analytical ignition model has been developed on the basis of 
energy conservation which accounts for thermal energy storage in the 
fabric, moisture desorption and endothermic phrolysis within the condensed 
phase, and exothermic reaction in the gaseous phase, that is, in the 
fabric boundary layer. The analysis resulted in an initial value problem 
with three coupled, non-linear, first-order, ordinary differential equa-
tions. Scaling laws were derived from the differential equations, and 
the numerical solution was used to elucidate the significance of the 
above processes on the prediction of ignition time (partial modeling). 
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Figure 1. Ignition Probability As Function of Exposure Time And 
Heating Intensity. 
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2.2. Progress During Reporting Period  
An overview of current progress is listed here for each of the 
seven tasks to be performed. Additional details are presented in the 
Appendix. 
2.2.1. Task 1. Ignition Temperature Measurements of Pyrolysate-Air  
Mixtures. 
Ignition occurs in the gaseous phase near the heated surface of 
a thermally degrading material. The ignition process must be described 
in terms of the reactions taking place in the boundary layer near the 
heated surface, either in terms of fundamental reaction kinetics or in 
terms of critical local pyrolysate concentrations and mixture temperatures. 
The latter approach is taken here. 
The fabric is thermally decomposed in an initially evacuated 
furnace. The decomposition product is mixed with dry air at known con-
centrations. The mixture is subsequently heated until ignition occurs 
while passing over an inert platinum resistance thermometer which moni-
tors the gas temperature prior to and during ignition. 
The furnace has been designed and is being constructed. An 
assembly drawing is shown in Figure 2 and a flow schematic in Figure 3. 
Details are presented in Appendix A. 
The platinum resistance thermometer and the ignition test cell 
are being designed. The resistance recording facility has been ordered 
and partially delivered; final delivery is expected by August 15, 1973. 
2.2.2. Task 2. Measurement of Convective Film Coefficients Under  
Simulated Pyrolysate Evolution. 
Decomposition gases emerging from the heated surface effectively 
protect this surface from impinging gas flames or from cooling air during 
radiative heating. The interaction between heated surface and environ-
mental gases is described in terms of a convective film coefficient. 
The objective of this task is to simulate the fabric geometry with inert 
stainless steel wire mesh cloths and the action of emerging pyrolysates 
through injection of preconditioned air, and to determine the thermal 
response of the fabric from the simulated response of the wire cloth by 
incorporating the cloth directly into a thermocouple circuit which 












Figure 2. Pyrolysate Generating Furnace 
Description of Figure 2  
Item 	 Description  
1. Accumulator Barrel 
2. Accumulator Gasket 
3. Accumulator Tie Rod 
4. Locknut 
5. Accumulator End Cap 
6. Accumulator Piston 
7. "0" Ring 





13. Furnace Test Tube 
14. Furnace Mounting Plate 
15. Pilot Pin 
16. Furnace Housing 
17. Heating Element Support 
18. Heating Element 
19. Furnace Reflector 
20. Furnace Reflector Support Ring 
21. Heating Element Support 
22. Tubular Reflector 
23. Furnace Reflector (not marked) 
24. Threaded Rod 
25. Threaded Rod 
26. Hex Nut 
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Fig. 3- FLOW CHART: IGNITION TEMPERATURE MEASUREMENTS OF 
PYROLYSATE AIR MIXTURE. 
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An air injection test cell for measuring the convective film 
coefficient was designed constructed and is being assembled. The 
cross-sectional view of the stainless steel screen support assembly 
is shown in Figure 4. Based on an Arrhenius-type decomposition law, 
the maximum outflow gas velocity was computed to be approximately 
3.8 cm/s for pure cotton. From this injection velocity was deter-
mined the needed gas flow rate and the necessary instrumentation 
was selected. Details are presented in Appendix B. 
2.2.3. Task 3. Charactenization of Actual Ignition Sources. 
The ignition probability P (E/I) defined by Eqs. 1.1 and 1.2 
and depicted for cotton fabrics in Figure 1 depends on the exposure 
time T and on exposure conditions, namely the heating intensity 
Wo and
e 
 the environmental humidity level rh, which are all controlled 
variables in the laboratory experiment. In order to determine the 
fabric ignition probability for actual exposure conditions and actual 
human respenses, one must establish, firstly, the probability with 
which a certain exposure condition is actually encountered, that is 
the fraction of time during which a specified garment is exposed to 
a given heating intensity and, secondly the probability or relative 
frequency with which a given exposure duration is encountered. 
The purpose of Task 3 is to determine the probability of en-
countering heating intensities of a given level. The probability 
will be based on time fractions of exposure and is intended to be 
specified separately for different age groups, activities and locations 
such as private residences, commercial kitchens and factories. 
A portable scanning device is being designed which accommodates 
total heat flux and temperature sensors and which will serve to map 
flux and temperature distributions in the immediate vicinity of ig-
nition sources. Signal and position will be recorded simultaneously 
on an x-y plotter. The time of exposure as function of position 
will be derived from the time studies. 
2.2.4. Task 4. Time Ignition Measurements on Fabric Assemblies Under  
Various Geometric Configurations. 
Commencement of work on this task is scheduled for the latter 
part of September 1973. 
2.2.5. Task 5. Measurement of Ignition Time Under Flame Heating 
on Ten Secondary GIRCFF Fabrics. 
This task is a continuation of previously initiated research. 
The descriptions of the Convective Ignition Time Apparatus CITA, the 

















Figure 4. Pyrolysate Injection Simulator 
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The purpose is to measure fabric destruction time, i.e. 
ignition or melting time, under gas flame heating and two conditions: 
(i) the stationary ignition test, where the fabric is suddenly 
exposed to a time-invarient convective heat source, and (ii) the 
dynamic ignition test, where the fabric is moved into the convective 
heat source at a predetermined velocity. In the first case one 
measures the time between the initial exposure to the heat source, 
and ignition or melting. In the second case one measures the time 
from initial contact between fabric and flame at the flame boundary, 
to ignition or melting, for different rates of fabric motion 
through the flame. 
The schedule calls for completion of the dynamic ignition tests 
on the ten Primary GIRCFF Fabrics and determination of fabric de-
struction times on the ten Secondary GIRCFF Fabrics, under both the 
stationary and dynamic operating modes. 
The total of 193 fabric destruction time tests were run in 
the dynamic ignition test mode on the ten Primary GIRCFF Fabrics 
by supporting the fabric in the 63.5 mm aperture holder and moving 
the fabric in the horizontal plane, 1.9 cm above the top of the 
burner, with velocities between 2 and 25 cm/s. The fabric destruc-
tion times obtained ranged from 0.07 seconds to more than 31 seconds. 
Fabric destruction time measurements on the ten Secondary 
GIRCFF Fabrics have been started and the total of 39 tests was car-
ried out. The fabrics were exposed to five different convective 
heating intensities at the stoichiometric equivalence ratio, of 
= 0.86, and with fabric holder aperture of 63.5 mm. Fabric de-
struction times were measured successfully for six of the ten Sec-
ondary GIRCFF Fabrics. These times range from 1.9 to 11.3 seconds. 
The convective fabric destruction time data from the dynamic 
tests are presented in Figures 5 and 6 for melting and igniting 
fabrics, respectively. 
The normalized destruction time (Fourier number) 
(N ) 	= 	(k/6) 	c( 	) 	T Fo i'm 1-01 
is plotted versus the sample velocity. The data for zero-velocity 
are taken from the static tests. The melting times in Figure 5 
approach infinity for vanishing sample velocity and the melting 
time from stationary tests for increasing sample velocity, as would 
be expected from the consideration of the accumulated heating due 
to time dependend heat flux impingement during flame traversing. 
The ignition time data in Figure 6 reveal that ignition may occur 
after flame traversing and that there is a maximum traversing velocity 
between 9 and 12 cm/s. for the given burner-aperture combination 
beyond which ignition does not occur. The maximum traversing 
velocities are listed in Table 1. The tendency toward large igni-
tion temperatures with vanishing sample velocity could not be ob-
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Figure 6. Nondimensional Ignition Time versus Sample 
Velocity; Flame Ignition 
TABLE 1. Maximum Traversing Velocity For Flame Ignition 
Vertical Burner, Diameter of 37 mm 
Horizontal Fabric Specimen, Diameter of 63.5 mm 
Fabric Motion Horizontal, Perpendicular to Flame Axis 
GIRCFF 	 Maximum 
Fabric Number 	 Velocity 
cm/s 
	
5 	 9.88 
8 	 10.6 
10 	 20.6 
17 	 15.9 
18 	 9.42 
19 	 11.67 
The convective ignition time data for six of the ten Secondary 
GIRCFF Fabrics are presented in Figure 7. The nondimensional de-
struction time (NFo ) 	as defined by Eq. 2.1 is plotted versus the 
time average, nondimenAional heating intensity 
qc = 	[2 K / (k/6) ] f - 5 ) 
	
(2.2) 
where 0 stands for normalized temperature 
0 = (T-T. 	) / (Ti,m - T. ) s 	 (2.3) 
subscript f represents flame temperature and the superscripted bar 
designates time - averaged fabric temperature as computed from the 
inert heating analysis presented in Reference [2] . 
2.2.6. Task 6. Ignition Time Statistics  
Ignition frequencies are measured under controlled exposure 
times, radiative heating intensities and environmental relative 
humidity levels for the purpose of evaluting the mean ignition time 
<Ti> and the standard deviation a in Eq. 1.2, by probit analysis. 
This task is also a continuation of previously performed experiments 
[2]. The first evaluation of the results from 606 ignition tests is 
presented in Table 2 below. 
22 

























i 	s "T i 	 4 	 II 	i 	e a 
	
0.4 0.6 0.8 1 2 4 6 8 10 	20 30 
ci' 
Figure 7. Normalized Destruction Time versus Normalized Convective 
Heating Intensity 
0.1 
TABLE 2. Ignition Time Statistics of Nylon Tricot 
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GIRCEFF Irradiation Relative Number Median 
Fabric 	W o 	Humidity 	of 	Ignition 
No. Tests Time  
Standard Deviation 





1 6<T 1> 
1 
a 
12 6.50 30 86 12.61 .324 2.246 
12 9.52 30 42 6.15 .151 .697 
12 13.80 30 57 3.10 .028 .132 
12 6.50 90 66 11.63 .191 1.113 
12 9.52 90 59 5.87 .062 .348 
12 13.80 90 67 3.02 .197 1.235 
2.2.7. Task 7. Modeling Analysis  
The objective of the analysis is to predict ignition time for 
thermally decomposing composites, based on an ignition criterion to 
be imposed on the gaseous reaction in the boundary layer at the 
heated surface, and on fundamental material properties and process 
parameters. The prediction of ignition time is based on an in-
tegral analysis, describing temperature, degree of decomposition 
and pyrolysate velocity within the decomposing composite, and temp-
erature and concentration in the reaction boundary layer. 
The problem has been formulated for free convection along 
radiatively heated surfaces and for forced convection from gas 
flames which impinge normally to the heated surface. The formula- 
tion is based on local conservation equations which will be integrated 
over space to render ordinary differential equations in time which 
contain suitably space-averaged dependent variables. 
Two conservation equations and three constitutive equations 
govern the fields of temperature, decomposition degree and pyroly-
sate flow within each decomposing solid. They are the equations of 
mass and energy conservation, the thermal and caloric equations of 
state for the pyrolysate and a decomposition rate law. The pressure 
is taken to be constant and the equations of motion are not necessary. 
The gas phase is being considered as a binary mixture and is 
governed by two equations of mass conservation, the equations of 
motion and of energy conservation, and by the caloric and thermal 
equatious of state. 
These equations have been developed for one dimensional tran-
sient heat transfer in the solid composites and two-dimensional flow 
in the mixing boundary layer. Further details are presented in 
Appendix D. 
This completes the overview of the progress made during the 
reporting period. 
3. SUMMARY OF ACCOMPLISHMENTS  
Below are listed briefly the accomplishments achieved during the 
six months reporting period. Previously obtained results are found 
Reference [2]. 
3.1 Experimental Efforts  
The development of new test facilities for new experiments, namely 
Task 1 through 3 as discussed in Chapter 2, is partly in the design and 
construction stages, partly in the final assemby stage. Scheduled ex-
perimentation with existing and slightly modified instrumentation has 
progressed as planned, the total of 836 ignition tests has been performed 
under radiative and convective heating (tasks 5 and 6). The start of 
Task 4 has been delayed until September as a result of an effort to 
schedule an M. S. program form Task 4. 
3.2. Analytical Effort  
The governing equations have been developed to describe the response 
to heating of themally decomposing composites. The problems were for-
mulated for free convection cooling of radiatively heated surfaces and 
for forced convection from gas flames. The governing equations are being 
transformed into integral form with time as the only independent variable. 
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4. CHANGES IN RESEARCH PLAN, PERSONNEL AND MANAGEMENT 
There are no essential changes in the research plan; the initially 
proposed tasks are being performed or planned to be performed without 
conceptual changes. Task 6 on ignition time statistics had not been 
proposed initially and has been earned on primarily to supplement efforts 
of previous programs, during the time between the termination and renewal 
of the previous grant. 
The previous termination and official renewal date of this Grant 
GI-31882A#1 is November 1, 1972. The expiration date of the grant is 
June 30, 1974. Since notification of the grant renewal was received on 
January 24, 1973, Tasks 1, 2, 3, and 7 were started late, at the beginning 
of the Spring Quarter, on April 2, 1973. Completion of the program is expected 
by March 31, 1974. These schedule changes did not interfere with achieving 
the overall objectives within the current grant period. 
Dr. Clavin Lee, who studied under Professor Sibulkin at Brown 
University in Providence, Rhode Island, joined the research team as 
Research Associate on July 1, 1973 and works full—time on Tasks 1 and 7. 
There are no other personnel changes on this program. 
There have been no management changes incurred on this program. 
5. FUTURE PLANS  
Research plans follow in general the originally proposed schedule 
and are briefly summarized below. 
Task 1: Ignition Temperature Measurements on Pyrolysate Air  
Mixtures should commence early in September after com-
pletion of the test cell construction and final de- 
livery of the resistance recording facility. 
Task 2: Measurement of Convective Film Coefficient Under Sim-
ulated Pyrolysate Evolution should begin in August and 
should be completed by the end of September. 
Task 3: Characterization of Actual Ignition Sources. Standard 
household kitchen gas and electric ranges are expected 
to be surveyed by the end of September. Additional 
ignition sources will be served by the end of December. 
Task 4: Ignition Time Measurement on Fabric Assemblies Under  
Various Geometric Configurations is expected to com-
mence late in September and to be completed in Feb-
ruary. 
Task 5: Measurement of Ignition Time Under Flame Heating on  
Ten Secondary GIRCFF Fabrics will be completed by the end 
of September. 
Task 6: Measurement of Ignition Time Statistics will be com-
pleted by the end of August. 
Task 7: Modeling Analysis for Colqosite Systems Ignited by  
Radiant and Convective Heating Sources will bontinue 
through February 1974. 
The annual report will be prepared during the month of March 1974. 
The submission of a new proposal for the expansion of ignition 
studies is anticipated for November 1973. 
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6. UTILIZATION EFFORTS  
Personnel. There are currently two Principal Investigators, one 
Research Associate, one Ph. D. Student and four M.S. Students contri-
buting to the research. In addition, there are two students employed 
on an hourly salary basis during the current Summer Quarter. 
Principal Investigator Dr. P. Durbetaki is in charge of Task 5 
and supervises jointly with Dr. W. Wulff the execution of Task 2. 
Principal Investigator Dr. W. Wulff supervises Task 1,3,6, and 7. 
Task 4 will commence in September and will be organized as an M.S. 
thesis project in cooperation with a suitable thesis candidate. 
Research Associate Dr. Calvin Lee, Ph. D. Student Edward R. 
Champion and Dr. Wulff are working on the Modeling Analysis, Task 7. 
Task 7 is anticipated to produce a Ph. D. thesis. 
Tasks 1,2 and 3 are M.S. thesis projects and carried out res-
pectively, by Mr. Paul T. Williams, Mr. Gregory L. Wedel ana mr. Oscar 
A. A. Naveda. Mr. Robert L. Acree is currently working on Tasks 5 
and 6 and is expected to select and formulate his M.S. thesis pro-
gram by the end of September. 
Part-time secretary Mrs. Nan B. Hudson contributes approximately 
one fifth of full time toward this research. 
Funding. Research activities to be preformed under this grant are 
projected at this time to be funded until March 31, 1974. The pro-
posed objectives of this grant are expected to be completed at that 
date. 
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7. PUBLICATIONS AND PRESENTATIONS  
The following publications, presentations and summary reports 
have resulted from Grant GK-27189 and its follow-up, Grant GI-31882: 
1. W. Wulff, N. Zuber, et al., "Ignition of Fabrics Under Radiative Heating". 
Combustion Science and Technology, Vol. 6, pp.321-334. (1973) 
2. W. Wulff, A. Alkidas, R. W. Hess and N. Zuber, "Fabric Ignition", to 
be published in Textile Research Journal (1973). 
3. W. Wulff and P. Durbetaki, "Study of Hazards from Burning Apparel and 
the Relation of Hazards to Test Methods", Proceedings of the Flammability 
Characteristics of Materials, Polymer Conference Series, University of 
Utah, Salt Lake City, Utah, June 11-15, 1973. 
4. W. Wulff and P. Durbetaki, "Fabric Ignition and the Burn Injury Hazard" 
to be presented and published in the proceedings of the 1973 International 
Seminar: Heat Transfer from Flames, Trogir, Yugoslavia, August 27-31, 
1973 
5. W. Wulff, N. Zuber, et al, "Study of Hazards from Burning Apparel and 
the Relation of Hazards to Test Methods", Final Report, School of 
Mechanical Engineering, Georgia Institute of Technology, Atlanta, Georgia 
30332, NSF Grant No. GK-27189, submitted to the Office of Flammable 
Fabrics, NBS, Washington, D. C. 	20234 (1971). 
6. P. Durbetaki, W. Wulff, et al., "Study of Hazards from Burning Apparel 
and the Relation of Hazards to Test Methods", Second Final Report, 
School of Mechanical Engineering, Georgia Institute of Technology, Atlanta 
Georgia, 30332, NSF (RANN Program) Grant No. GI-31882, submitted to 
the Government-Industry Research Committee on Fabric Flammability 
Office of Flammable Fabrics, NBS, Washington, D. C. 	20234 (1972). 
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Ignition Temperature of Pyrolysate - Air Mixtures  
The objectives of this program phase, the planned approach and 
principle experimental techniques have been presented in Chapter 2, 
Section 2.2.1. Pyrolysates are mixed with air and heated until flaming 
ignition occurs while the mixture temperature is being monitored by 
resistance thermometry. The apparatus currently designed for this 
purpose consist of these five parts: 
(i) The furnace with accumulator, to decompose thermally de-
gradable materials and to store the decomposition gases, 
(ii) the dry air supply lath metering and monitoring instru-
ments, to supply oxygen, 
(iii) the reaction cell, in which the combushible mixture is 
heated and its temperature is monitored 
(iv) the infrared detector, to sense the occurrence of a flame, 
and 
(v) the resistance recording facility to monitor the mixture 
temperature. 
The functions of these components are described below. The reader is 
referred tc Figures 2 and 3 in Chapter 2, Section 2.2.1. 
A. 1. Experimental Procedure  
The fabric sample will be placed in the fused quartz test tube in-
side the furnace, which will then, along with the rotometers, be re-
peatedly evacuated and flushed with nitrogen gas. After final evacua-
tion will be sealed off, the fabric sample will be heated to decompose 
and pyrolysates will collect in the accumulator, located just above the 
test tube. After the completion of fabric decomposition the pyroly- 
sate will be pushed out of the accumulator at a controlled rate, measured 
by a rotometer, into the reaction chamber where it will be mixed with 
dry air, entering at a measured mass flow-rate. At all times will the 
pyrolysate and pyrolysate-air mixture be kept at a temperature above 
200 ° F to prevent condensation of vapor. As the gas mixture passes through 
the reaction cell it will be heated at a controlled rate and its temp-
erature rise measured by a resistance thermometer positioned in the gas 
mixture stream. When the ignition temperature of the pyrolysate-air 
mixture has been reached, it is expected that ignition will be initated 
31 
at the sensor, and a rapid rise in temperature will be recognized at 
the recording system, while the infrascope responds to the luminous 
gas flame. 
A. 2. Furnace Details  
The heat source in the furnace will be 12 tungsten heaters man-
ufactured by General Electric Co. and positioned equally spaced around 
the test tube. The test tube will be made of "Vitreosil" fuzed quartz 
and will be 20 1/2 inches long with a 1 inch I. D. The accumulator, 
located just above the test tube, has a maximum capacity of approxi-
mately 2.1 liters and is sealed by a nitrogen gas pressurized piston 
which controlls the pressure in the accumulator. 
A. 3. Resistance Recording System 
The system for the measurement and recording of the electrical 
resistance of the temperature sensor will consist of five components: 
(i) DCV/DCA/OHM meter which provides eight ranges of ohms 
from 1 ohm full scale to 10 mega ohms full scale, 
(ii) 5 Digit display unit, 
(iii) B C D Module which provides nonisolated B C D output 
for operation with printers and other devices, 
(iv) Digital to Analog Converter accepts the 4 line B C D 
module, and sends out a signal to the recorder, 
(v) Strip Chart Recorder is a 7100BM Hewlett-Packard plug-
in recorder with a two channel recording capability. 
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Appendix B  
The Convective Film Coefficient Assembly  
The convective film coefficient assembly has been designed to be 
used with the Convective Ignition Time Apparatus (CITA) to evaluate film 
coefficients on various mesh size inert metal screens in the presence of 
pre-heat gas injection through the screen. The shutter system, the gas 
burner, and the related instrumentation are the major components of CITA 
to be used. The operating principles of these components remain the 
same and they have been described in detail in Reference [2], Appendix 
B. 3. Film coefficient measurements will be carried out with CITA per-
forming in the static mode. Design details of the convective film co-
efficient assembly, the instrumentation to be used for the tests and the 
operating procedure are described in the following sections. 
B. 1. Screen Support Assembly 
The stainless steel screen support assembly is shown in Figure 4. 
It consists of three primary sections: (i) an aluminum clevis and its 
support rod, (ii) a transite inlet chamber and porous bronze assembly, 
and (iii) an inert wire cloth screen and screen holder assembly. 
(i) The clevis and support rod have been designed to allow 
vertical to horizontal positioning of the wire cloth for 
testing at various angles between the cloth and the flame 
axis. 
* 
(ii). Uniform temperature and velocity profiles are produced by the 
inlet chamber assembly. Transite has been used to construct 
the inlet chamber and porous bronze holder. Its low thermal 
conductivity will help to insulate the heated gases and 
minimize the heat lossses. In addition a guard heater will 
be used outside the inlet chamber to further minimize the 
heat losses. A porous bronze filter is used to produce a 
uniform velocity profile across the wire cloth. Provision 
has been made for thermocouple probes to check the tempera-
ture profiles for uniformity both upstream and downstream 
of the bronze filter and for continuous monitoring during 
testing. 
(iii) Since the wire cloth mesh will be varied to determine the 
effect of the fabric weave on the convective film coefficient, 
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three screen holder assemblies have been constructed. 
The holder tops are made of transite for insulation and 
the holder bases are made of stainless steel for protect-
ion from the burner flame and for structural support. Dur-
ing testing, the stainless steel wire cloth will form one 
leg of the thermocouple with constantan wire forming the 
other leg and the wires will be routed out through holes 
provided in the screen holder and using ceramic insulators. 
B. 2. Instrumentation  
Schematics of the instrumentation associated with the con-
vective film coefficient apparatus are shown on Figures B.1 and 
B.2. Instrumentation and operation of the burner and shutter systems 
remain the same as those for the CITA. The mass flow rate through 
the heater and the film coefficient assembly is determined by means 
of flow rate, pressure, and temperature measurements. Both temperature 
and pressure are then measured at the inlet chamber to determine 
the outflow velocity. 
During the film coefficient determination a voltage source 
and a microswitch, which is activatived by one of the moving shutters, 
are used to detect the instant of shutter separation and wire cloth 
exposure to the burner flame. This signal triggers a dual beam type 
555 Tektronix Oscilloscope which records the wire cloth temperature 
on polaroid film. 
The signal from the microswitch is also used to produce a spike 
in one of the traces of a two-channel Hewlett-Packard Type 7100B 
strip chart recorder at the instant of exposure. The other trace 
records the output of the thermocouple probe upstream of the porous 
bronze filter. This record will be used to determine the tempera-
ture of the incoming gas. 
B.3. Operating_Procedure  
Stainless steel screens varying from 80 to 400 mesh will be 
cut to 75mm diameter. A stainless steel and a constantan wire will 
be attatched such that the screen will form one leg of the thermo- 
couple. The wire leads will then be routed to the oscilloscope input. 
The screen support assembly will then be mounted to the con-
vective film coefficient assembly and positioned as required, with 
respect to its height above the burner axis. 
The shutters of CITA are closed and the air tanks pressurized. 
The burner is stabilized at the desired heating intensity through 
air and fuel rate selection. It is then inserted into the apparatus, 
below the water cooled shutters. The screen is then exposed to the 
gas flame through activation of the solenoid valves which in tern 
pressurize the air cylinders and retract the shutters. 
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Figure Bl. Schematic of Instrumentation for Temperature Measurement in 
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Figure B2. Flow Diagram for Convective Film Coefficient Measurement in Simulated Gasification 
with CITA 
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Measurements will be made of the air flow rate, pressure, and 
temperature, at the flow meter, and pressure and temperature behind 
the porous bronze plate. The temperature—time profile of the wire cloth 
will be recorded on polaroid film. 
Appendix C  
The Convective Ignition Time Apparatus  
The Convective Ignition Time Apparatus (CITA) has been operated 
before for ignition time measurements of the ten Primary GLRCFF Fabrics. 
These are identified in Table 3 below. A detailed description of 
the operating principles, design details, and procedures for the static 
and dynamic modes of operation are given in Reference 12 ), Appendix 
B. 3. The tests reported in this report have been performed using 















Slack 	 65/35% Pe ./C. 
Textured 
White DP treated 23.49 
Woven Blouse 	100% Polyester Yellow 7.51 
3 Double Knit 	100% Polyester White 20.91 
4 Denim 	 100% Cotton Navy bI. 29.63 
5* T-Sh irt,Jersey 	100% Cotton White 13.71 
6 Untreated Slack 	65/35% Pe ./C. White 23.57 
7 Jersey Tube Knit 100% Acrylic Gold 15.13 
8* T-Shirt, Jersey 	65/35% Pe. /C. White 16.19 
9 Terry Cloth 	100% Cotton White 26.48 
10* Batiste 	 100% Cotton Purple 6.65 
11* Tricot 	 80/20% Acet. / 
Nyl . White 11.31 
12* Tricot 	 100% Nylon White 8.91 
13* Tricot 	 100% Acetate White 9.40 
14 Taffeta 	 100% Nylon White 5.66 
15 Durable Press 
Slack 	 65/35% Pe . /Ray Brown DP treated 22.82 
16 Shirting 	50/50% Pe. /C. White 13.14 
17* Batiste 	 65/35% Pe . /C. White 8.55 
18* Flannel 	 100% Cotton White 12.88 
19* Flannel 	 100% Cotton White Fire retard 14.89 
20 Flannel 	 100% Wool Navy bl. - 19.93 
*Ten Primary GIRCFF Fabrics. 
Appendix D  
Modeling. Analysis  
The fundamental equations describing the thermal response of 
thermally degrading, porous solids in contact either with other solids 
or with reacting gases, are briefly listed in vectorial form. 
D. 1. Porous Media 
Conservation of energy requires that 
a -r- 
Pscs az 
+ ?_F cp,f. vT = keff vaT — v. at 
-vraci 
V. 	 [ Cp f (r) — cps  ( -01 cal l 	( DJ) 
To 
The symbols are defined in the nomenclature. The velocity field v 
of the decomposition gases is taken to be onedimensional within the 
porous solid and the gas pressure is constant. Conservation of mass 
in the gas phase requires 
Lfr  a I-- + v 	v ) - 
	 ( D.2) 
and the rate of decomposition is represented by N discrete reactions 
= 	 ( 9s ) Ai 
iml 
( D.3 ) 
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in which the degrees of decomposition Ai satisfy 
ni 	 E; 
— Ai) (ko ) ; e RT (D.4) 
Equations D.1 through 4 are supplemented by the equations of state 
for the decomposition products (ideal gas) and the boundary conditions 
expressing continuity of heat flux and gas flow at the solid inter-
faces. 
D. 2. External Gas Phase  
The reaching boundary layers, in contact with the thermally de-
grading porous solid, are modeled as binary mixtures of air and pyroly-
sates, undergoing changes in composition and temperature until the 
experinentally established ignition criterion, namely a critical 
combination of concentration and temperature (flammability limit), is 
reached. 
Conservation of mixture mass requires that 
ae  + v• (P`!) 	= 	o 	 (D.5) ar 
while the concentration w of pyrolysates must satisfy 
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DID 
Drc- 9 I 
V•k)..tr- vW] (D . 6) 
The equations of motion are, for free convection 
DT — 	Vz - P g  [ 	 4.(x x.) I 	(D.7) 
and for forced convection 
(D.8) 
Engergy conservation requires that 
DT  
2  





These equations are to be suplemented by suitable boundary con-
ditions which describe continuity of heat and mass fluxes at the 
solid interface and a suitably chosen flow field such as that of a 
turbulent jet (Fig. D. 1) or of a quiescent atmosphere, far away 
from the heated surface. Momentum and mass transport properties, 
namely viscosity and mass diffusivity, appear after the trans-
formation into integral form, in wall shear and mass injection terms 
which are formulated from known turbulent boundary layer descrip-
tions. 
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Figure Dl. Characteristic Regions in Impinging Jet Flow 
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ABSTRACT 
The fire hazard of a system is quantified by the probability with 
which use of a system leads to fire loss. This fire loss probability is 
a function of the subprobabilities with which events occur that lead 
to a specified loss from fire. The first of the major events which leads 
to a loss from fire is ignition. The probability of ignition after ex-
posure is a function of the material's ignition time. Experimental and 
analytical research has been performed to predict thermally thin and 
thick material ignition time as functions of material properties and heat-
ing intensity. Ignition probabilities have been derived from experimental 
ignition statistics. 
The objectives of the current program period are (i) to develop 
ignition criteria which are applicable to thermally thin and thick ma-
terials, (ii) to expand previous experiments on ignition time measure-
ments to thermally thick materials, and (iii) to determine the ignition 
probability of thermally thin materials under convective heating and of 
thermally thick materials under radiative heating. The program is subdivided 
into eight tasks and the accomplishments are: 
Task 1: Measurement of Ignition Statistics on Thermally Thin Media, 
Subject to Convective Heating. The total 653 ignition tests 
have been performed and the ignition probability under 
given laboratory conditions has been established for three 
fabrics at two levels of heating intensity. 
Task 2: Measurement of Ignition Temperature on Pyrolysate-Air  
Mixtures. Ignition tests have been conducted on propane-
air mixtures and on pyrolysate-air mixtures with condensi-
bles removed for three cotton fabrics. 
Task 3: Measurement of Ignition Statistics on Thermally Thick Media, 
Subject to Radiative Heating. A large ignition test appar-
atus has been designed and is currently under construction. 
With this apparatus it will be possible to expose 
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samples in sizes up to 40 cm by 40 cm by 5 cm to radiative 
heating for measurement of ignition times and ignition 
statistics. 
Task 4: Measurement of Convective Film Coefficients Under Simulated  
Pyrolysate Evolutions. The air injection test cell has been 
used with 150 mesh and 200 mesh stainless steel wire cloths 
under injection and suction conditions to determine con-
vective film coefficients during flame-fabric interactions. 
Modeling analysis was performed to establish scaling para-
meters and correlate the experimental results. 
Task 5: Ignition Time Measurements on Fabric Assemblies Under Various  
Geometric Configurations. 	Similar and dissimilar fabric 
pairs were exposed to radiative heating to measure ignition 
times. The analysis carried out predicted ignition times 
for the similar fabric pair at five heating intensities. 
Edge ignition tests were carried out under gas flame heating 
for six fabrics at four angles between zero and ninety 
degrees from the horizontal. 
Task 6: Modeling Experiments on Extinguishment. This task has been 
replaced by Task 7. 
Task 7: Modeling Analysis of Ignition for Thermally Thin Media. 
Using two ignition criteria, the analysis developed for 
normally impinging flames on fabrics, was employed to 
predict ignition times. The results have been compared 
with ignition times from experiments. 
Task 8: Modeling Analysis of Ignition for Thermally Thick Media. 
The governing equations have been formulated to describe 
the response to radiative heating of thermally thick de-
composing solids. The model accounts for free convection 
and using ignition criteria ignition times will be pre-
dicted for the solid. 
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a 	 coefficient of potential flow velocity u f/d f 
a i 	 polynomial coefficients, equation (F.34) 
c 	 concentration, specific heat 
cp 	 specific heat at constant pressure 
Cs 	 heat capacity per unit area, equation (2.1) 
C. coefficients, equation (F.31) 
d 	 hot jet diameter 
D 	 burner diameter, mass diffusivity 
IP 
DI 	 first Damkohler number 
E activation energy 
Eb 	 black body radiation 
f(n) 	nondimensional stream function 
F(T*) 	equation (F.33) 
g 	 acceleration due to gravity 
G 	 inter-fabric air gap 
h 	 convective heat transfer coefficient, enthalpy 
h 	 mean convective film coefficient 
H 	 convective heat transfer ratio, equation (F.16) 
I
v 	 velocity integral, equation (F.26) 
k thermal conductivity, frequency factor 
K 	 permeability 
L 	 height above burner 
mass rate 
xii 
M 	molecular weight 
n order of reaction 
N Fo 	Fourier number 
NGr 	Grashof number 
N
Nu 	Nusselt number 
NPr 	Prandtl number 
N
Re 	Reynolds number 
p pressure 
p g 	 fraction of pyrolysate escaping at z = 0 
P 	 porosity 
P(I/E) 	ignition probability given exposure 
q 	 heat flux 
heat liberated or absorbed per unit volume 
Q 	heat of reaction per unit mass 
✓ radial distance, coordinate 
R 	screen or fabric radius, gas constant 
T 	temperature 
u velocity component in x-direction 
✓ velocity component in z-direction 
V 	 velocity 
chemical reaction rate per unit volume 
Wo 	 radiant heat flux 
x height, lateral coordinate 
y 	normal coordinate 
mass fraction 
z 	axial coordinate; general variable, equation (1.1) 
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a 	 effective absorptance; equation (2.11) 
0 	 void fraction; coefficient of volume expansion 
d 	 fabric or screen thickness 
decomposable fraction of original mass 
emittance 
similarity variable, equation (F.10) 
e 	 nondimensional temperature 
K 	 extinction coefficient for the solid 
fraction of decomposable mass which evolves from the fabric 
1.1 	 viscosity 
V 	 kinematic viscosity 
nondimensional groups 
p 	 density 
0 	 reflectance 
a 	 standard deviation; refractive index of the solid 
time 
<T> 	 median time 





stoichiometric equivalence ratio 
integral limit, equation (1.1) 
stream function 
Subscripts 
b 	 burner, back fabric 
convective, char 
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d 	 desorption 
e exposure, potential flow region 
f 	flame, pyrolysate, front fabric 
g 	gasification 
counting index, ignition 
j 	 counting index 
m 	 melting 
n counting index 
o initial 
0 	 oxygen 
p 	predicted, pyrolysate 
✓ radiative 
s 	 screen, solid 
T 	thermal 
w wall 
z 	 z-direction 
6 	 side exposed to atmosphere 
mean 
0 	 injection or perfusion 
1 	 side interacting with flame 






The reduction of loss of life, property and natural resources from 
fire is essential and requires both education of people toward greater 
awareness of fire hazard, and reduction of the fire hazard itself. The 
latter is commonly achieved through the establishment of standards and 
codes. All codes and standards must be based on test methods and test 
results which must rationally relate to the potential fire hazard. Such 
a relationship requires a quantitative measure of the fire hazard itself. 
As a quantitative measure of a system's fire hazard, the probability 
with which use of the system leads to a prescribed loss was first proposed 
by Myron Tribus [1]. This general concept has been employed for the plan-
ning and execution of fabric flammability research [2-5] and currently it 
is being extended to include research with building material at the School 
of Mechanical Engineering of Georgia Institute of Technology. 
The fire loss probability is composed of all the subprobabilities 
which are associated with the events and processes connecting the time 
of hazard assessment with the occurrence of the fire loss. The events 
and processes generally fall into two categories, the selection processes 
and the physico-chemical processes. 
All the possible choices of use and attendant circumstances to which 
a system might be subjected fall into the category of selection processes. 
The subprobabilities associated with these events are equal to the relative 
frequencies with which such choices are made, subject to the constraints 
of the system. The relative frequencies are obtained from observation 
and statistical correlation. 
The physico-chemical processes, such as thermal decomposition, ig-
nition, flame propagation, flashover, and extinguishment are predominantly 
deterministic transient processes. The associated subprobabilites are 
functions of characteristic times, specifically they depend on the ratio 
of the time the process is allowed to proceed, over the mean expected 
value of the time which the process requires for its completion. 
The first important event of the physico-chemical process is ignition 
1 
after given exposure to a heat source. The associated probability P(I/E) 
of ignition after given laboratory exposure conditions is 
x 
P(I/E) = (1/ IT2T ) f exp(-z 2/2)dz 	 (1.1) 
where the upper limit of the integration encompasses the ratio of the 
characteristic times T e of exposure and <Ti> of ignition 
x = [T eRT i > - 1]/G 	 (1.2) 
and a represents the standard deviation of ignition time. The standard 
deviation accounts for the stochastic variation of the material properties. 
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2. OVERVIEW OF PROGRESS 
2.1. Previous Accomplishments  
Accomplishments and results of research performed at the School of 
Mechanical Engineering of Georgia Institute of Technology during the 
period from November 1970 through March 1974 are detailed in previously 
published reports [3, 4, 6] and briefly summarized here. 
Thermophysical fabric properties which characterize the ignition pro-
cess have been measured, namely thermal conductance, specific heat, spe-
cific mass, ignition or melting temperature, optical properties, reac-
tion kinetic parameters and reaction enthalpy, on cotton, nylon, poly-
ester, acetate and wool fabrics and blends. 
Ignition or melting times have been measured on the same fabrics under 
radiative and convective (gas flame) heating. The median destruction 
time (ignition or melting) <T i,m> as well as the standard deviations a 
have been evaluated through probit analysis of destruction time statistics 
for two igniting cotton fabrics and a melting nylon fabric, as functions 
of radiative heating intensity and fabric moisture content. Fabric 
destruction probabilities have been evaluated for all three fabrics as 
a function of exposure time and heating intensities. Fabric destruction 
times have been measured on fabrics while these were either held station-
ary over the flame or moved through the flame at selected speeds. The 
static fabric destruction measurements under convective heating have 
been conducted both with normal impingement of the flame on the center 
of the fabric and with the fabric in a vertial orientation exposing the 
edge of the fabric to the flame. 
Ignition time measurement tests have been performed on fabric assem-
blies to determine the effect of fabric interaction during radiative 
heating. The fabric assemblies consisted of two identical cotton fabric 
samples placed at various interfabric spacings. 
Measurements with simulated fabric-flame interaction experiments have 
3 
been conducted to evaluate convective film coefficients which may be 
used in the analysis on prediction of fabric ignition time. Inert stain-
less steel screens have been used to simulate the fabric and at the same 
time serve as one leg of a thermocouple to sense its transient mean tem-
perature. The volatile evolution has been simulated by injecting pre-
heated air through the screen. 
A lower ignition temperature and concentration apparatus (LITACA) 
has been constructed with the objective to determine the lowest ignition 
temperature T ig of cellulose pyrolysis products, premixed with air, as 
a function of pyrolysate concentration. A pilot test has been carried 
out using propane-air mixture to test the feasibility of ignition detec-
tion with this equipment. 
Actual ignition sources such as kitchen gas and electric ranges, and 
electric hot plates have been characterized using a portable ignition 
source scanning apparatus (ISSA) and establishing the heat flux and 
temperature spacial distributions for the purpose of deriving the prob-
ability with which laboratory exposure conditions are encountered in real 
life. Maximum heat flux values and maximum temperatures have been mea-
sured in the flames of household matches, a cigarette lighter and a 
wax candle. 
An analytical ignition model has been developed on the basis of energy 
conservation which accounts for thermal energy storage in the fabric, 
moisture desorption and endothermic pyrolysis within the condensed phase, 
and exothermic reaction in the gaseous phase, that is, in the fabric 
boundary layer. The analysis for both radiative ignition and convective 
ignition, resulted in an initial value problem with three coupled, non-
linear, first-order, ordinary differential equations. Scaling laws were 
derived from the differential equations and the numerical solutions were 
used to elucidate the significance of the above processes on the predic-
tion of ignition time (partial modeling). 
An ignition analysis has been developed on the basis of integral tech-
niques. The analysis incorporates a newly developed ignition criterion. 
This criterion involved the measured ignition temperature of the pyro-
lysate-air mixture as a function of pyrolysate concentration. The ana-
lysis yields ignition time as a function of material properties, heating 
conditions and geometry, and it yields scaling parameters and the errors 
4 
of partial modeling. Analytical results have been compared with measured 
ignition time. 
2.2. Progress During Reporting Period  
An overview of the progress is listed here for eight tasks. Task 4 
and Task 5 were initiated during the previous reporting period and some of 
the results were reported in the Third Annual Report [4]. The summary on 
these two tasks in the present report represent accomplishment during the 
current period. Task 2 was initiated during the previous period and is 
currently being continued with expanded objectives. The Appendix presents 
additional details for some of the tasks. 
2.2.1. Task 1. Measurement of Ignition Statistics on Thermally Thin  
Media, Subject to Convective Heating  
Fabric destruction (ignition or melting) are measured under controlled 
exposure times, convective heating intensity and fabric moisture content 
for the purpose of evaluating the mean fabric destruction time <T im> and 
the standard deviation Q in equation (1.2), by probit analysis. The Convec-
tive Ignition Time Apparatus (CITA), used previously to measure fabric de-
struction times on single fabric samples [3,4], has been modified to carry 
out ignition statistics. A summary of the modification details is given 
in Appendix A. 
The first evaluation of the results from 289 tests is presented in 
Table 2.1 and the probability of ignition after given exposure for three 
fabrics is presented on Figures 2.1 - 2.3. 
2.2.2. Task 2. Measurement of Ignition Temperature on Pyrolysate-Air  
Mixtures  
Ignition occurs in the gaseous phase near the heated surface of a 
thermally degrading material. The ignition process must be described 
in terms of the reactions taking place in the boundary layer near the 
5 










Ignition Time 	 _Standard Deviation of Ignition 
Shutters in 
Single Action 
Median Mean Time 
Solid PyrolysatE 





W/cm2 s s s s s 
2 3.69 49 0.675 -- 0.680 0.017 0.091 
4 3.36 108 9.556 4.280 4.152 0.054 0.419 
17 3.13 69 1.910 1.405 1.398 0.039 0.240 
17 9.44 63 0.960 0.960 0.864 0.013 0.073 
01 
0 .6 .4 .2 .8 
ti c = 3.69 W/cm 
— _ 
EXPOSURE TIME Te , S 
Figure 2.1. 	Ignition Probability as a Function of Exposure Time at One 






























3 4 5 
EXPOSURE TIME re , S 
Figure 2.2. 	Ignition Probability as a Function of Exposure Time at One 
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Figure 2.3. 	Ignition Probability as a Function of Exposure Time and Convective 







heated surface, either in terms of fundamental reaction kinetics or in 
terms of critical local pyrolysate concentrations and mixture tempera-
tures. The latter approach is taken here. 
The Lower Ignition Temperature and Concentration Apparatus (LITACA) 
was designed, constructed and assembled to meet the following conditions: 
(i) thermally decompose pyrolyzing materials, 
(ii) store the pyrolysates, 
(iii) mix pyrolysates with dry air at controlled mass fractions, 
(iv) measure the minimum mixture temperature at which self-ignition 
occurs, and 
(v) afford pyrolysate sampling for molecular weight determinations. 
The major components of LITACA are: 
(i) the pyrolysate generating furnace, 
(ii) the volatile reservoir, 
(iii) the pyrolysate and air metering system, 
(iv) the reaction cell, and 
(v) the temperature recording and ignition detecting instrumen- 
tation. 
Detailed descriptions of LITACA and the associated calibrating and oper-
ating procedures have been presented in Appendix A.1 of Reference[4]. 
Modifications in the apparatus and operating procedures are discussed 
in Appendix B of the present report. 
The equipment was first used to conduct ignition temperature tests 
on propane-air mixtures. The results are presented on Figure 2.4. These 
tests establish the possibility of ignition detection with this equip-
ment. However, the flammability limits do not agree with values found in 
the literature [7]. At the same time, the lowest temperature for ignition 
of 660 C is considerably higher than the spontaneous ignition temperature 
reported for propane [8]. Current investigations with propane are being 
conducted to check the earlier measurements and investigate the effect 
of design modifications in the ignition tube, on the ignition temperatures. 
Ignition tests were carried out with three 100% cotton fabrics: 
GIRCFF Fabric No. 5, GIRCFF Fabric No. 4, and Fabric A. The Fabric A 
was specially prepared at the School of Textile Engineering of Georgia 
Institute of Technology such that no chemical additives were used during 
its fabrication. In the initial tests on the cotton fabrics self-ignition 
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Figure 2.4. 	Ignition Temperatures of Propane-Air 
Mixtures; Lean and Rich Limits Were 










installed between the accumulator manifold and the inlet to the pyrolysate 
flow meter. The ignition temperature tests conducted then were on gas 
mixtures which have had the condensibles removed by this cold trap. Den-
sity measurements on the pyrolysate gases from the three fabrics were 
taken with and without condensibles in the pyrolysate gases. 
The results of the density measurement were used to estimate apparent 
molecular weights for the pyrolysates. These values are given in Table 
2.2 below and the results of the ignition tests are presented on Figures 
2.5 - 2.7 [9]. 
Table 2.2. Apparent Molecular Weights of Pyrolysates 





Fabric A 37.4 15.0 
GIRCFF No. 5 36.2 37.7 
GIRCFF No. 4 48.8 39.4 
*Condensibles present 
**Condensibles removed 
2.2.3. Task 3. Measurement of Ignition Statistics on Thermally Thick  
Media, Subject to Radiative Heating  
The probability of ignition after given exposure P(I/E) is the first 
important, highly system-related, quantity required for the assessment 
of a system's fire hazard. The probability is derived from the system's 
ignition time for given exposure conditions and the relative frequency 
with which the given exposure conditions occur. 
The objective of this task is first to measure the ignition time and 
second the ignition frequency for selected ignition time intervals, on 
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Figure 2.5. 	Pyrolysate-Air Mixture Ignition 
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Figure 2.6. 	Pyrolysate-Air Mixture Ignition Temperatures, 
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Figure 2.7. 	Pyrolysate-Air Mixture Ignition 








controlled sample conditions. The results will provide the ignition prob-
ability in the form as shown in Chapter 1 equations (1.1) and (1.2). 
The ignition times will be presented in nondimensional form, based on the 
modeling rules developed for thermally thick media. 
The Large Ignition Test Apparatus (LITA) has been designed to meet 
the following conditions: 
a. uniform, time-invariant radiative heating on samples in sizes up 
to 40 cm by 40 cm by 5 cm at power fluxes between 0.25 and 20W/cm
2
, 
b. sample exposure transients below one per cent of ignition time 
at both start and the end of the preselected exposure interval, 
c. manual time exposure control, and 
d. remote infrared detection of flames. 
The major sub-assemblies of LITA are (i) the six radiant heater stack, 
(ii) the two vertical shutter systems, (iii) the sample holder and disposal 
system, (iv) the supporting structure, (v) the instrumentation for remote 
control, shutter timing and flame detection, and (vi) the exhaust system. 
All major components of the apparatus have been designed and constructed. 
Schematic views of the apparatus assembly are shown in Figures 2.8 and 
2.9. Details are presented in Appendix C. 
The apparatus is currently being assembled. The assembly is expected 
to be completed by the end of April 1975 together with the major wiring, 
water cooling, air cooling and exhaust system. Preliminary testing is 
expected to start in the first week of May 1975. 
2.2.4. Task 4. Measurement of Convective Film Coefficients Under Simu-
lated Pyrolysate Evolution  
The release of water vapor and pyrolysate gases by the cellulosic fab-
ric during the preignition period establishes a blanket at the interface 
which interferes with the heat transfer between the pyrolyzing solid and 
its environment. This is particularly true with an igniting gas flame 
in the case of convective heating. The insulating effect from the evolv-
ing vapor and pyrolysate gases is similar to that of injection cooling. 
However, the response of the emerging gaseous mass from the pyrolyzing 
solid differs significantly from forced coolant injection. 
16 
17 
Figure 2.8. 	Large Ignition Test Apparatus (LITA) for Ignition Time 
Measurements Subject to Radiative Heating; Front View 
Figure 2.9. 	Large Ignition Test Apparatus (LITA) for Ignition Time Measurements Subject 
to Radiative Heating; Top View 
co 
Key to Figures 2.8 and 2.9 
Part No. 	 Description 
	
1 	 Top Air Cylinder 
2 Top Accelerator Assembly 
3 	 Top Shutter 
4 Bottom Air Cylinder 
5 	 Bottom Shutter 
6 Heater Assembly Profile 
7 	 Top Impact Bar 
8 Top Shock Absorber 
9 	 Bottom Impact Bar 
10 Bottom Shock Absorber 
11 	 Air Cylinder Support 
12 Top Shutter Support 
13 	 Top Shutter Guide Rod 
14 Bottom Shutter Support 
15 	 Bottom Shutter Guide Rod 
16 Bearing Assembly 
17 	 Top Shutter Guide Rod Support 
18 Top Shock Absorber Support 
19 	 Bottom Shutter Guide Rod Support 
20 Side Plate 
21 	 Bottom Shock Absorber Support 
22 Supporting Structure Column 
23 	 Disposal Assembly Support Plate 
24 Rear Support Plate 
25 	 Brace Column 
26 Disposal Assembly 
27 	 Test Specimen 
28 Receptacle 
29 	 Test Specimen Support Rod 
30 Heater Support Assembly 




The objective of this task is to stimulate the fabric geometry with 
inert stainless steel wire mesh cloths and to simulate the action of emerging 
pyrolysate through injection of preconditioned air, and to infer the thermal 
response of the fabric from the response of the wire cloth by incorpor- 
ating it directly into a thermocouple circuit which senses true wire 
cloth temperature. 
2.2.4.1. Measurements. Measurements with the simulated fabric-flame 
interaction experiments were conducted to evaluate convective film coef-
ficients which may be used in the analysis on prediction of fabric ig-
nition time [10]. Fabric ignition time has been measured earlier [3-5] 
by exposing selected fabrics to carefully controlled, premixed methane 
flames in the Convective Ignition Time Apparatus (CITA). The measure-
ments presented here were performed in the same test facility with the 
thermally decomposing fabrics replaced by inert stainless steel screens 
of different mesh sizes. These screens not only simulate the fabric 
but also serve as one leg of a thermocouple to sense its transient mean 
temperature. The volatile evolution is simulated by injecting preheated 
air through the screen, at controlled rate and temperature. The screen 
is exposed to normally impinging flames of known characteristics. 
The heat transfer from the gas flame to the screen is inferred from 
the screen's temperature rise dTs /dT, following its sudden exposure to 
the flame. An energy balance on the screen yields the following expres-
sion for the convective film coefficient 
c, 1 = 
(pO s cs (dTs/dT) 	Cs (dTs/dT) 
(2.1) 
(T f - Ts ) 	 (If - Ts ) 
 
where Cs is the heat capacity per unit area of the screen and I f the 
flame temperature. The slope of the heating curve T s (T) is evaluated 
from the initial constant slope of an emf-time oscillogram of the screen-
thermocouple. 
The action of air injection or suction through the wire screen sim-
ulates the evolution of pyrolysates during fabric decomposition and the 
perfusion through the fabric due to its porosity, respectively. 
The Convective Film Coefficient Apparatus (CFCA) was designed to be 
used with the Convective Ignition Time Apparatus (CITA) (see Appendix A) 
to determine the film coefficients describing the cloth-flame interac-
tion. Detailed descriptions of the CFCA and the associated operating 
procedures have been presented in Appendix A.2 of Reference [4]. Mod-
ifications in the apparatus and the operating procedures are discussed 
in Appendix D of the present report. 
Table 2.3 gives a representative set of results of the stainless 
steel screen tests for the evaluation of convective film coefficients 
with injection or perfusion through the screen. 
2.2.4.2. Analysis and Scaling Parameters. The modeling analysis is 
carried out to describe the fabric-flame interaction, to establish the 
governing dimensionless groups which correlate the heat transfer data 
and to provide the relation between test conditions and actual heating 
conditions. 
The model to be used in the analysis consists of a burner whose top 
is located at a distance L (z = -L) from a porous cloth of thickness 
and the face exposed to the burner fixed at z = 0. The burner and the 
cloth axes are coincident. The hot gases impinging normally to the por-
ous cloth have reacted totally before they arrive at the interface. 
The back side of the cloth is exposed to the surrounding atmosphere. 
Due to the porosity of the fabric the flames may perfuse through the 
matrix of the solid. The pyrolyzing solid generates gas which evolves 
on both sides of the fabric. The governing equations and the charac- 
teristic scaling parameters which evolve from the analysis are presented 
in Appendix E. It is found that the heat interaction between the flame 
and the screen in the presence of injection can be correlated by 
(NNu ) 1 = f{L/D, R/D, Re'NPr'(NRe)0°.:1 
	
(2.2) 
2.2.4.3. Data Reduction and Scaling Parameters. The Nusselt number in 
equation (2.2) is a mean value averaged over the screen radius. The 
associated mean convective film coefficient was evaluated from the 
stainless steel screen experiments using equation (2.1). The specific 
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Table 2.3. Convective Film Coefficients for Screen-Flame Interaction With Injection or Perfusion 
Through the Screen; 200 Mesh Screen 
Exp. Ts(oC) T f(OC) h(W/cm2 °C) NNu (NRe)o NRe Npr L/D VO(cm/s) 
1 38.2 1290 .0029852 9.68 -19.32 227.6 .683 .515 -2.950 
2 40.3 1290 .0029682 9.63 -19.17 228.1 .683 .515 -2.947 
3 38.2 1352 .0060385 18.94 -19.80 517.1 .681 .515 -3.088 
4 38.6 1352 .0058241 18.26 -19.80 518.0 .681 .515 -3.092 
5 38.3 1352 .0055423 17.38 -19.80 516.8 .681 .515 -3.089 
6 40.1 1347 .0046522 14.63 -19.40 380.3 .681 .515 -3.038 
7 38.6 1347 .0043764 13.76 -19.89 382.3 .681 .515 -3.101 
8 38.9 1347 .0043943 13.82 -19.87 385.3 .681 .515 -3.101 
9 38.2 1347 .0046955 14.76 -19.87 382.4 .681 .515 -3.094 
10 38.9 1290 .0027881 9.04 -19.82 228.1 .683 .515 -3.032 
11 38.7 1290 .0026114 8.47 -20.27 227.3 .683 .515 -3.099 
12 38.1 1290 .0030990 10.05 -9.65 226.5- .683 .515 -1. 489 
13 38.7 1290 .0032607 10.58 -9.67 227.2 .683 .515 -1. 478 
14 37.9 1347 .0050836 15.99 -9.47 381. 2 .681 .515 -1. 488 
N 
N 
heat of the screen c
s 
was evaluated at the initial screen temperature. 
The burner Reynolds number N Re was evaluated from the mass flow rate 
measurements of the combustible mixture to the burner. The burner dia-
meter was used as the characteristic dimension. 
The flow rates of the injected air or the perfusion gases through the 
screen were used to calculate the injection Reynolds number (N Re ) 0 . 
The screen radius was taken as the characteristic dimension. To coincide 
with the sign of the z-coordinate, negative injection velocity V o desig-
nates mass efflux from the screen surface exposed to the flame. The 
associated injection Reynolds number is also negative. A positive V o 
 specifies suction through the screen surface exposed to the flame and it 
is associated with a positive Reynolds number. 
The thermodynamic and transport properties of the gases were evaluated 
at the flame temperature T f. For the two screens of 200 mesh and 150 
mesh used in the tests, the reduced data was correlated through a least-
square-fit criterion at each L/D spacing. The scaling parameters for 
a representative group of tests are given in Table 2.3. 
The 200 mesh stainless steel screen has 0.053 mm wire diameter, a 
specific mass (pO s = 0.0255 g/cm
2 and an open area fraction of 33.6%. 
The resultant correlation equations for this screen are 
(NNu ) 1 = 0.198(N Re ) 0 + 0.516(N Re ) 0 ' 59 for L/D = 0.515 (2.3a) 
(NNu ) 1 = 0.198(N Re ) 0 + 14.83(NRe ) 0 for L/D = 1.20 (2.3b) 
(NNu)1 = 0.198(N Re ) 0 + 14.09(N Re ) 0  for L/D = 2.06 (2.3c) 
= 0.198(N Re ) 0  + 15.07(N Re ) ° for L/D = 2.83 (NNu ) 1 (2.3d) 




and an open area fraction of 37.4%. 
A resultant correlation for this screen is 




The predicted Nusselt number (N Nu ) 10 values from the correlation 
equations (2.3) and (2.4) are compared with Nusselt number values from 
measurements 
(NNu)l' 
in Figure 2.10. The standard deviation from the 
45° line is 0.835. 
2.2.4.4. Application to Prediction of Ignition Time. The discussion 
in the present section is concerned with the use of the results from the 
simulation experiments in the analysis for the prediction of fabric 
ignition times. 
A lumped-parameter model has been formulated for the gas flame ignition 
of fabrics which accounts for (i) convective heating, (ii) thermal energy 
storage, (iii) radiative heat loss, (iv) desorption of moisture, and 
(v) pyrolysis [3,4]. The film coefficient 2h c in the set of governing 
equations for this model represents a value averaged over the front and 
back faces of the fabric. This coefficient can be evaluated from 
hc'l (Tf 
 - T) 
-c,2(T  - T.) 	 (2.5) 2; c -  
(Tf - T) 
if the values of hc,1 andhc,2 are known. 
The film coefficient h
c,2 
can be estimated from equation (E.6) where 
(NNu ) 2 = fl(NGr ) 2' 111 (2.6) 
The film coefficient h
c,1 
can be estimated from a correlation given in 
equations (2.3) and (2.4). 
Following the procedure outlined above film coefficients were evaluated 
for the thirteen igniting GIRCFF fabrics. To exhibit the common correla-
tion of fabric ignition time as a function of heating intensity a normal-
ized ignition time or Fourier number 
24 
(N Fo ) i = (k/6) T i /pc6 
	
(2.7) 
and a normalized convective heat flux are defined [3,4] 
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Figure 2.10. Correlation of Experimental Results 
With the convective film coefficients determined through the procedure 
discussed above, measured ignition times for the thirteen fabrics are 
summarized in Figure 2.11 and compared with the inert heating model. 
Earlier correlations [5] did not account for the variation of fabric por-
osity and gas evolution in estimating convective film coefficients for 
these fabrics. When the present results are compared with these earlier 
results it is found that the standard deviation of the points from the 
line of inert heating has been reduced from 0.935 to 0.717 representing 
a 23% reduction. With some fabrics the reduction in the standard devi-
ation has been found to be as much as 72%. 
2.2.5. Task 5. Ignition Time Measurements on Fabric Assemblies Under  
Various Geometric Configurations  
The objective of this task is to determine the effect of fabric inter-
action during radiative heating, and of fabric geometry and fabric orien-
tation with respect to the flame axis during convective heating, on the 
ignition time. 
2.2.5.1. Fabric Interaction. The Radiative Ignition Time Apparatus (RITA) 
for fabric ignition time measurements was used for the ignition tests of 
fabric assemblies. The description of RITA has been presented first in 
Reference [6]. Supplementary modifications are described in Reference [3]. 
Additional modifications required for measurements on fabric assemblies 
together with test procedures have been presented in Section 2.4.3 and 
Appendix A.3 of Reference [4]. No modifications were effected during the 
reporting period. 
The total of 143 tests were conducted on the RITA to determine the 
interaction of two parallel fabric layers [16]. Tests were designed to 
examine the effects of variable heating intensity and variable inter-
fabric spacing on the fabric assembly destruction time. The five heating 
intensities were 6.5, 7.6, 9.25, 13.8, and 16.2 W/cm
2
. Fabric spacing 
was set at 0, 0.16, and 0.32 cm. 
The combination of GIRCFF Fabric No. 5 at front (exposed to the rad-
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Figure 2.11. Normalized Ignition Times vs Normalized Convective Heat 
Flux for Thirteen Igniting Fabrics; Curve A is the inert 
Heating Model 
surroundings) was used for the majority of the tests. Tests were also 
conducted on the combination of GIRCFF Fabric No. 2 at front with No. 5 
at back. Front fabric destruction times for the two combinations are 
given on Figures 2.12 and 2.13 and are compared with earlier single fab-
ric ignition times [3]. 
The experimental data in Figure 2.14 are compared with predicted igni-
tion times for the front fabric [16]. The normalized destruction time is 
defined by 
(N0i ,m = [(k/6)Ti ,m]/(P6)c 
and the normalized heat flux by 
(I; = a*Wo/(k/6)(T i,m - 
where 
af = del + (te b )/(1 - OA)] 
and 





for the front and back fabrics respectively. 
In Figure 2.14 an inert heating model, in the absence of convective 
and radiative losses, is represented by curve A. A two-fabric assembly 
with the front fabric subjected to radiative heating and incorporating 
for both fabrics energy storage, radiative and convective cooling, mois-
ture desorption, endothermic pyrolysis, and exothermic reaction has been 
used as a model for the analysis represented by curves B and C. Both 
solutions were carried out for a pair of GIRCFF Fabric No. 5 in the assem-
bly. Curve B utilized kinetic parameters of pyrolysis of McCarter [3], 
and curve C modiefied kinetic parameters [16]. 
2.2.5.2. Effect of Geometry. The emphasis in the work presented here 
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Figure 2.12. Ignition Time of Front Fabric as a Function of Spacing; 
GIRCFF Fabric No. 5 Front With No. 5 Back; Open Points 
Designate Single Fabric Ignition Times [3] 
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Figure 2.13. Melting Time of Front Fabric as a Function of Spacing; 
GIRCFF Fabric No. 2 Front With No. 5 Back; Open Points 
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Figure 2.14. Normalized Destruction Times of the Front Fabric Compared 
With Single Fabric Destruction Times and Analysis; Curve 
A Inert Heating Model; Curve B With McCarter's Pyrolysis 
Data; Curver C Modified Pyrolysis Kinetics; Fabric Spacing 
0.32 cm 
To study these effects, fabric ignition time measurements were conducted 
with the Convective Ignition Time Apparatus (CITA) (see Appendix A). 
Modifications required for the fabric edge ignition tests together with 
the test procedures have been presented in Section 2.4.4 and Appendix 
A.3 of Reference [4]. 
Ignition tests were performed with 7.5x7.5 cm fabric samples. The 
fabric edge was positioned at a line coincident with the burner axis at 
7.6 cm above the exit of the burner. The angle of impingement was varied 
at 0, 30, 60 and 90 degrees. The burner stoichiometric equivalence ratio 
was held at (1) = 0.86 and the burner mixture flow rates at 1260 and 2175 
g/h. 
Using the normalized ignition time and convective heat flux definitions 
given by equations (2.7) and (2.8), respectively, the edge ignition time 
measurements on six of the GIRCFF fabrics are presented on Figure 2.15. 
Curve A represents the inert heating model and the open symbols are igni-
tion time measurements on fabric with flame impingement to the center of 
the fabric [3-5]. 
2.2.6. Task 6. Modeling Experiments on Extinguishment  
Commencement of work of this task was scheduled for the early part of 
April 1975. 
2.2.7. Task 7. Modeling Analysis of Ignition for Thermally Thin Media  
Ignition times have been measured on single fabrics by exposing them 
to a time invariant convective source (gas flame) in the Convective Ig-
nition Time Apparatus [3-5]. The purpose of the present investigation 
is to correlate these fabric ignition time measurements with predicted 
fabric ignition times from analysis. 
The analysis for the ignition of fabric subject to normally impinging 
flames is presented in Appendix F. The ignition criterion proposed by 
Wulff [4], which considers ignition to occur in the boundary layer of the 
pyrolyzing solid, when the pyrolysate-air mixture locally reaches its 
32 
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Figure 2.15. Normalized Fabric Edge Ignition Times vs Normalized Convec-
tive Heat Flux; Curve A Inert Heating Model; Open Symbols 
Normal. Impingement at Fabric Center [3-5] 
concentration-dependent minimum ignition temperature, has been incorpor-
ated in the present analysis. A second ignition criterion has also been 
developed which is called the inflexion method. This criterion considers 
ignition to occur when the pyrolysate mass fraction of the solid wall 
varies steeply with temperature. 
Using the two criteria for ignition, ignition times have been pre-
dicted for five fabrics. The chemical kinetics data for the pyrolysis 
of these fabrics has been taken from Reference [3]. Concentration depen-
dent ignition temperature data for fabric No. 5 have been obtained from 
Reference [9] and the coefficients C o , C1 and C2 were evaluated using 
a least square fit. Comparing the temperature gradient at the fabric 
surface with the value obtained from numerical integration for frozen 
stagnation flow of a gaseous mixture over a surface [18], the velocity 
integral is estimated to be I v =2.02 for Pr = Sc = 0.74. The free convec-
tive heat loss has been estimated using an empirical relation [19]. 
Predicted fabric ignition times, for GIRCFF Fabric No. 5, using the 
present analysis and Wulff's Ignition Criterion are presented on Figure 
2.16. The heat loss effect on predicted ignition times appears to be 
significant at low flame temperatures. 
The predicted fabric ignition times on five GIRCFF Fabrics using the 
Inflexion Method are compared with measured ignition times on Figure 2.17. 
Again, the agreement is quite reasonable at the high heating rates. 
2.2.8. Task 8. Modeling Analysis of Ignition for Thermally Thick Media  
The objective of the analysis is to predict the ignition time for 
thermally thick decomposing solids based on an ignition criterion to be 
imposed on the gaseous reaction in the boundary layer at the heated sur-
face, and on fundamental material properties and process parameters. 
The problem has been formulated for free convection along the radi-
atively heated surface. The governing conservation and constitutive 
equations for the decomposing solid and the gas phase adjacent to the 
surface exposed to radiant heating have been presented in detail in Ap-
pendix G. 
Prediction of ignition time for the decomposing solid will be calcu-
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Figure 2.16. Effect of Convective Heat Loss from the Fabric on Predicted Ignition 
Times; GIRCFF Fabric No. 5 
Figure 2.17. Predicted Fabric Ignition Times Using the Inflexion Method 























3. SUMMARY OF ACCOMPLISHMENTS 
Below are listed briefly the accomplishments achieved during the 
present reporting period. Previously obtained results are found in Ref-
erences [3, 4, 6]. 
3.1. Expermiental Efforts  
The development of the new test facility for new experiments, namely 
Task 3, as discussed in Chapter 2, has passed through the design stages 
and is presently in the assembly stages. Three tasks, namely Task 2, 
4 and 5 were initiated during the previous contract period. Tasks 4 
and 5 were completed during the present reporting period. The first 
phase of Task 2 has been completed and is currently being continued under 
extended objectives. 
Scheduled experimentation with existing and slightly modified instru-
mentation has progressed as planned. This is Task 1, where the total of 
653 ignition tests have been performed under convective heating. 
3.2. Analytical Effort  
The modeling analysis of ignition for thermally thin media subject 
to convective heating has been completed using two ignition criteria: 
Wulff's Ignition Criterion and the Inflexion Method. Task 7 was not 
in the proposed program but has been carried out to augment present ana-
lyses for predicting ignition times of fabrics under gas flame heating. 
The governing equations have been developed to describe the response 
to radiative heating of thermally thick decomposing solids. The problem 
has been formulated for free convection cooling the radiatively heated 
surface. Prediction of ignition time for the solid will be calculated us-
ing three ignition criteria and the results compared. 
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4. CHANGES IN RESEARCH PLAN, PERSONNEL AND MANAGEMENT 
With the exception of Tasks 6 and 7 all other tasks are being performed 
or planned to be performed, without conceptual changes, as they were ini-
tially proposed. Task 6 was originally proposed as part of a two-year 
program. In view of the one-year funding of the proposal submitted December, 
1973, and the present interest to continue with the ignition studies beyond 
the present grant period, Task 6 was replaced by Task 7. Task 7 was not 
in the original proposal program. 
Grant GI-31882A#2 officially started on April 1, 1974 with Dr. W. Wulff 
as Project Director and Dr. P. Durbetaki as Co-Principal Investigator. This 
grant was amended and the present grant GI-31882A#3 designates Dr. P. Durbetaki 
as the Principal Investigator effective June 1, 1974. The official expira-
tion date of this grant is September 30, 1975. Completion of the program 
is expected by that time. 
Mr. K. Annamalai, who started in this program as a Graduate Research 
Assistant June, 1974, has been employed as an Assistant Research Engineer 
beginning with April 1, 1975. He has completed all the requirements for 
the Ph.D. degree and is working half-time on Tasks 7 and 8. 
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5. FUTURE PLANS 
The research plans for the tasks completed and continuing during 
the present contract period are summarized below. 
Task 1: Measurement of Ignition Statistics on Thermally Thin Media, 
Subject to Convective Heating will be completed by the 
middle of May. 
Task 2: Measurement of Ignition Temperature on Pyrolysate-Air  
Mixtures should begin testing with the modified reaction 
cell during April and complete tests by the end of August 1975. 
Task 3: Measurement of Ignition Statistics on Thermally Thick Media  
Subject to Radiative Heating. The equipment assembly should 
be completed by the end of April 1975. The ignition tests 
are expected to commence in May and completed in August 1975. 
Task 4: Measurement of Convective Film Coefficients Under Simulated  
Pyrolysate Evolution was completed October 1974. 
Task 5: Ignition Time Measurements on Fabric Assemblies Under Various  
Geometric Configurations was completed December 1974. 
Task 6: Modeling Experiments on Extinguishment. In view of the 
objectives of the new proposal to continue the ignition 
studies, this task has been replaced by Task 7. 
Task 7: Modeling Analysis of Ignition for Thermally Thin Media was 
not in the proposed program but was introduced to replace 
Task 6. The present task has been completed during January 
1975. 
Task 8: Modeling Analysis of Ignition for Thermally Thick Media  
will continue through June 1975. 
The annual report will be prepared during the month of September 1975. 
A new proposal for the expansion of ignition studies has been prepared 
and will be submitted April 1975. 
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6. UTILIZATION EFFORTS 
6.1. Personnel  
There are currently one Principal Investigator, one Assistant Research 
Engineer and two M.S. students contributing to the research. In addition, 
there is one undergraduate student employed on an hourly salary basis. 
Principal Investigator Dr. P. Durbetaki is in charge of the program 
and supervises the execution of all the tasks. Assistant Research Engineer 
K. Annamalai completed the modeling analysis, Task 7 and is currently working 
on the modeling analysis of thermally thick media Task 8. 
Tasks 4 and 5 were M.S. thesis projects and were carried out to 
completion by Gregory L. Wedel and Robert L. Acree respectively. The first 
phase of Task 2 was an M.S. thesis project and was completed by Paul T. Williams. 
The continuation of this task is presently being formulated as an M.S. thesis 
project by William P. Ryszytiwskyj. 
Task 3 is an M.S. thesis project and is being carried out by Gary L. 
Matson. The experimental measurements in Task 1 are being carried out by 
Wayne C. Davis, undergraduate research assistant. 
6.2. Funding  
Research activities to be performed under this grant are projected at 
this time to be funded until September 30, 1975. The proposed objectives 
of this grant are expected to be completed at that date. 
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7. PUBLICATIONS AND PRESENTATIONS 
The research results from Grant GK-27189 and Grant GI-31882 (A#1-A#3) 
have been disseminated through a number of different channels and are 
summarized in the sections that follow. 
7.1. Referred Papers  
1. Wulff, W., Zuber, N., Alkidas, A., and Hess, R. W., "Ignition of Fabrics 
Under Radiative Heating", Combustion Science and Technology, 6, 1973, 
pp. 321-334. 
2. Wulff, W., Alkidas, A., Hess, R. W., and Zuber, N., "Fabric Ignition", 
Textile Research Journal, 43, 1973, pp. 577-588. 
3. Wulff, W., and Durbetaki, P., "Fabric Ignition and the Burn Injury 
Hazard", Heat Transfer in Flames, N. H. Afgan and J. M. Beer, editors, 
Scripta Book Co., Washington, D. C., 1974, pp. 451-461. 
4. Acree, R. L., Durbetaki, P., and Wulff, W., "Ignition of Fabric 
Assemblies Subject to Radiative Heating", to be presented at the 
Joint Central and Western States Sections, The Combustion Institute, 
San Antonio, Texas, April 21-22, 1975. 
5. Annamalai, K., and Durbetaki, P., "Ignition of Single Fabrics Subject 
to Normally Inpinging Flames", to be presented at the Joint Central 
and Western States Section, The Combustion Institute, San Antonio, 
Texas, April 21-22, 1975. 
6. Durbetaki, P., Wedel, G. L., and Wulff, W., "Flame-Fabric Interaction 
During Preignition Processes", to be presented at the 15th National 
Heat Transfer Conference, San Francisco, California, August 10-13, 1975. 
Two of the above papers were presented on invitation at these meetings: 
Paper No. 2 at the Symposium on Textile Finishing Chemistry, 164th National 
Meeting, ACS, New York, N.Y., August 30 - September 1, 1972; Paper No. 3 at 
the 1973 International Seminar on Heat Transfer from Flames, Trogir, 
Yugoslavia, August 27-31, 1973. 
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7.2. Reports, 
The research results have been summarized in six Quarterly Progress 
Reports and one Semiannual Progress Report. They are presented in detail 
in the three Annual Final Reports: 
1. Wulff, W., Zuber, N., et al., "Study of Hazards from Burning Apparel 
and the Relation of Hazards to Test Methods", (First Annual) Final 
Report, NSF Grant No. GK-27189, School of Mechanical Engineering, 
Georgia Institute of Technology, Atlanta, Georgia, 1971, NTIS Accession 
No. COM-73-10954. 
2 	Durbetaki, P., Wulff, W., et al., "Study of Hazards from Burning Apparel 
and the Relation of Hazards to Test Methods", Second Annual Report, 
NSF (RANN) Grant No. GI-31882, School of Mechanical Engineering, 
Georgia Institute of Technology, Atlanta, Georgia, 1972, NTIS Accession 
No. COM-73-10956. 
3. Durbetaki, P., Wulff, W., et al., "Fabric Ignition", Third Annual Report, 
NSF (RANN) Grant No. GI-31882, School of Mechanical Engineering, Georgia 
Institute of Technology, Atlanta, Georgia, 1974. 
7.3. Seminars and Conferences  
1. "Seminar on Fabric Flammability", School of Mechanical Engineering, 
Georgia Institute of Technology, May 19, 1972. Invitations were 
extended to appropriate executives from Textile Manufacturing and 
Distributing Industries, from Insurance Industry and from Government 
in Georgia, and to the Georgia Tech community. 
2. Contractors meeting of the National Science Foundation (RANN) Fire 
Research Program, Applied Physics Laboratory, The John Hopkins 
University, Silver Springs, Maryland, June 22-23, 1972. 
3. Materials Technology, Today and Tomorrow, Georgia Tech Seminar for 
Whirlpool Corp., Atlanta, Georgia, March 21, 1973. 
4. Wulff, W., and Durbetaki, P., "Study of Hazards from Burning Apparel 
and the Relation of Hazards to Test Methods", Proceedings of the 
Flammability Characteristics of Materials, Polymer Conference Series, 
University of Utah, Salt Lake City, Utah, June 11-15, 1973 (Invited 
Lecture). 
5. Wulff, W., and Durbetaki, P., "Study of Hazards from Burning Apparel 
and the Relation of Hazards to Test Methods", Conference on Firesafety 
for Buildings: Research - Practice - Needs, Airlie House, Warrenton, 
Virginia, July 18-20, 1973. 
6. Wulff, W., Durbetaki, P., et al., "Ignition Probability and Fire Hazard", 
Engineering Science and Mechanics Seminar, Georgia Institute of Tech-
nology, Atlanta, Georgia, September 27, 1973. 
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7. Durbetaki, P., and Wulff, W., "The Georgia Tech Fabric Flammability 
Research", Third Flame-Free Design Conference, Atlanta, Georgia, 
March 13-15, 1974 (Invited Lecture). 
8. Wulff, W., and Durbetaki, P., "Fabric Ignition", NSF/RANN Conference 
on Fire Research, Georgia Institute of Technology, Atlanta, Georgia, 
May 28-29, 1974. 
9. Durbetaki, P., "Ignition of Thermally Thin Media Subject to Convective 
Heating", to be presented at the Eleventh Annual Southeastern Seminar 
on Thermal Sciences, Knoxville, Tennessee, April 28-29, 1975. 
10. Naveda, 0. A., Durbetaki, P., and Wulff, W., "Probability of Fabric 
Ignition Under Given Exposure Conditions", to be presented at the 
International Symposium on Fire Safety of Combustible Materials, 
Edinburgh, England, October 15-17, 1975. 
7.4. Theses and Special Problems  
7.4.1. Completed Theses and Special Problems  
1. "The Study of Preignition Behavior of Selected Fabrics and Consequent 
Burn Injury Probability", C. S. Kirkpatrick, M.S. Thesis, June, 1972. 
2. "Optical Properties of Fabrics", P. T. Williams, Undergraduate Special 
Problem, August, 1972. 
3. "Reaction Kinetics of Fabrics", W. E. Giddens, M.S. Thesis, March 1973. 
4. "Determination of Fabric Ignition Times Through Use of a Convective 
Heat Source, E. R. Champion, Jr., M.S. Thesis, June 1973. 
5. "Study of Actual Ignition Sources of Clothing", O. A. Naveda, M.S. 
Thesis, June 1974. 
6. "Determination of Film Coefficients with Simulated Pyrolysate 
Injection", G. L. Wedel, M.S. Thesis, October, 1974. 
7. "Ignition Temperature Measurement on Pyrolysate-Air Mixtures", 
P. T. Williams, M.S. Thesis, October, 1974. 
8. "Ignition Time Measurement on Fabric Assemblies Under Various Geometric 
Configurations", R. Acree, M.S. Thesis, December 1974. 
7.4.2. Theses in Progress  
1. "Measurement of Ignition Statistics on Thermally Thick Media, Subject 
to Radiative Heating", G. Matson, M.S. Thesis. 
2. "Measurement of Ignition Temperature on Pyrolysate-Air Mixtures", 
W. P. Ryszytiwskyj, M.S. Thesis. 
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APPENDIX A 
CONVECTIVE IGNITION TIME APPARATUS (CITA) 
The Convective Ignition Time Apparatus (CITA) has been operated be-
fore for ignition time measurements of the twenty GIRCFF fabrics. These 
are identified in Table Al below. The two-shutter system, the gas bur-
ner, and the related instrumentation are the major components of CITA. 
A detailed description of the operating principles, design details, and 
procedures for the static and dynamic modes of operation are given in 
References [3,4]. The tests conducted in the static modes have the two-
shutter system operating in single action. That is, at the appropriate 
time the two-shutter system is actuated to open, expose the fabric to 
the convective heat source and remain open through the fabric destruc-
tion period. 
To conduct the measurements of ignition statistics a shutter control 
timing system was designed and built. The control timing system consists 
of the left and right shutter solenoids, a high interval timer, a low 
interval timer, an electronic counter, and a microswitch. Both timers 
are General Time solid state timers, Series 2111-IPF-010 and 2111-IPF-001, 
and provide timed intervals of 0.5-10 seconds and 0.1-1 second respec-
tively. They can be used in series or independently. The Electronic 
Counter is a Hewlett-Packard Model 5233L and is used to measure the ac- 
tual elapsed time from shutter separation to closing. The control timing 
system then provides the means of controlling the exposure of the fabric 
to the convective heat source by timing and measuring the period when 
the shutters remain open. For the ignition statistics tests the two-shut-
ter system operates in double action. 
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1 Durable Press 
Slack 	 65/35% Pe ./C. White DP treated 23.49 
r Textured 
Woven Blouse 	100% Polyester Yellow - 7.51 
3 Double Knit 	100% Polyester White - 20.91 
4 Denim 	 100% Cotton Navy bl . 	- 29.63 
5* T-Sh irt,Jersey 	100% Cotton White - 13.71 
6 Untreated Slack 	65/35% Pe./C. White - 23.57 
7 Jersey Tube Knit 100% Acrylic Gold - 15.13 
8* T-Shirt, Jersey 	65/35% Pe. /C. White - 16.19 
9 Terry Cloth 	100% Cotton White - 26.48 
10* Batiste 	 100% Cotton Purple - 6.65 
11* Tricot 	 80/20% Acet / 
Nyl . White - 11.31 
12* Tricot 	 100% Nylon White - 8.91 
13* Tricot 	 100% Acetate White - 9.40 
14 Taffeta 	 100% Nylon White - 5.66 
15 Durable Press 
Slack 	 65/35% Pe. /Ray Brown DP treated 22.82 
16 Shirting 	50/50% Pe . /C . White - 13.14 
17* Batiste 	 65/35% Pe . /C. . White - 8.55 
18* Flannel 	 WO% Cotton White - 12.88 
19* Flannel 	 100% Cotton White Fire retard 14.89 
20 Flannel 	 100% Wool Navy bl. - 19.93 
*Ten Primary GIRCFF Fabrics. 
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APPENDIX B 
LOWER IGNITION TEMPERATURE AND CONCENTRATION APPARATUS (LITACA) 
An integral part of the evaluation of the newly proposed ignition 
criterion is the measurement of the lowest ignition temperature of iso-
thermal pyrolysate-air mixtures, as a function of pyrolysate concentra-
tion. The Lower Ignition Temperature and Concentration Apparatus has been 
designed and constructed to accomplish this task. Detailed descriptions 
of LITACA and the operating procedures.have been presented in Appendix A.1 
of Reference [4]. This Appendix describes the modifications in the ap-
paratus carried out during the reporting period [9]. The major components 
of LITACA remain the same and they are shown in a schematic form on Figure 
8.1. 
B.1. Pyrolysate Generating Furnace  
The original design of the Pyrolysate Generating Furnace had twelve 
General Electric tungsten filament lamps installed. During the first test 
of the furnace the quartz casings of the lamps failed and they were replaced 
by two cylindrical half-shell, 1720 watt, 230 volt, Model RH 256 heaters 
from Thermal Corporation, Huntsville, Alabama. The heaters are wired 
in parallel. The assembly drawing of the modified Pyrolysate Generating 
Furnace is presented in Figure B.2 together with the volatile reservoir. 
A chromel-alumel thermocouple has been . positioned near the center of the 
furnace core, outside the quartz furnace tube, to monitor the furnace 
temperature. 
8.2. Reaction Cell  
A guard heater has been built by embedding a 10 ohm coil of nichrome 
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Figure B.2. Cross Section of Pyrolysate Generating Furnace 







Key to Figure 8.2 
Part 








3/8-24 UNF Hex Nut 
Pyrex Glass 
Teflon 
Cold Worked Steel 





5 Accumulator End Cap 304 Stainless Steel 1 
6 Accumulator Piston 6061-T6 Aluminum 1 
7 "0" Ring Neoprene 2 
8 Accumulator Manifold 304 Stainless Steel 1 
9 Flange Cast Iron 1 
10 Insert Neoprene 1 
11 Gasket Teflon 1 
12 5/16-18UNC Hx Hd Bolt SAE Grade 5 4 
13 5/16-18UNC Threaded Rod SAE Grade 5 4 
14 Furnace Mounting Plate 6061-T6 Aluminum 1 
15 ESNA "Rollpin" Steel 3 
16 Furnace Housing 3003-H14 Aluminum 1 
17 Furnace Heater Support Transite 1 
18 Furnace Test Tube Fused Quartz 1 
19 5/16-18UNC Hx Hd Nut SAE Grade 5 16 
20 Upper Support Ring Asbestos 1 
21 Furnace Heater Support Transite 1 
22 Heating Element Casing Ceramic 1 
23 Lower Support Ring Asbestos 1 
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The insulating cap has been placed on the top of the Reaction Cell, as 
shown in Figure B.3, to surpress heat losses from the top. 
A new quartz tube bundle has been prepared consisting of seventeen 
30 mm and two 144 mm long tubes bound together by stainless steel wire 
rings. Approximately 570 mm of 0.13 mm diameter nickel wire was passed 
through the tubes and attached to the tungsten terminal pins via a five 
strand nickel wire lead. A chromel-alumel thermocouple with ceramic 
insulation was positioned in the center of the tube bundle, with its 
leads exiting the Reaction Cell through a hole in the center of the in-
sulating cap. 
A temperature transverse through the center of the ignition tube, with 
the Reaction Cell heaters in equilibrium is shown in Figure B.4. It 
indicates that an isothermal region exists in the ignition tube and it 
includes the entire length of the 30 mm tube bundle. 
B.3. Auxiliary Systems and Components  
In view of the inability to achieve self-ignition of the pyrolysate-
air mixtures as generated by the furnace, a cold trap type condenser was 
installed between the accumulator manifold and the inlet to the pyrolysate 
flow meter. The cold trap consisted of a hollow glass sphere approxi-
mately 7.6 cm in diameter. The sphere was immersed in an ice water bath. 
All pyrolystate gas lines and the pyrolysate accumulator cylinder 
have been wrapped with chromel-alumel thermocouple wire. These wires 
have been connected to variable autotransformers to act as guard heaters 
and prevent pyrolysate condensation before the gases reach the cold trap. 
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GEORGIA INSTITUTE OF TECHNOLOGY I REACT/ON CELL ASSEMBLY I" 	 "'" 
Figure 8.3. LITACA Reaction Cell Cross Sectional View 
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Key to Figure B.3 
Part 
No. Description Material Req'd 
1 Insulation Cap Asbestos 1 
2 Reaction Cell Lid Transite 1 
3 Bushing Transite 1 
4 Tube Bundle Quartz 1 
5 Ignition Tube Shield Stainless Steel 1 
6 Upper Cell Housing 6061-T6 Aluminum 1 
7 Ignition Tube Fused Quartz 1 
8 Bushing Transite 1 
9 Graded Seal Quartz-Pyrex Glass 1 
10 6-32UNC Rd Hd Mach Scr SAE Grade 5 4 
11 Seal Pyrex Glass-Kovar 
12 Lower Guard Htr Support Stainless Steel 
13 Lower Cell Housing 6061-T6 Aluminum 
14 1/8NPT-1/4 Male Conn. 316 Stainless Steel 
15 Bushing Transite 
16 Gasket Teflon 
17 Mixing Chamber Chrome Plated Brass 
18 Spacer Transite 
19 Support Shelf Aluminum 
20 1/4-20UNC Nut & Bolt SAE Grade 5 
21 Flame Arresting Chamber Chrome Plated Brass 
22 Bushing Transite 
23 6-32UNC Hx Hd Mach Scr SAE Grade 5 
24 Flange Stainless Steel 
25 Bushing Transite 
26 Upper Cell Floor Transite 
27 Upper Guard Heater Nichrome Wire 
28 Ignition Heater Chrome-Al-Fe Wire 



























400 440 420 380 
Centerline Temperature ( °C) 
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Figure B.4. 	Temperature Profile Along Axis of Ignition Tube 
APPENDIX C 
LARGE IGNITION TEST APPARATUS (LITA) 
The Large Ignition Test Apparatus (LITA) has been designed to conduct 
ignition time measurements and ignition statistics on thermally thick 
media exposed to radiative heating. The apparatus consists of six sub-
assemblies: 
(i) The radiant heater stack, 
(ii) The two vertical shutter systems, 
(iii) The sample holder and disposal system, 
(iv) The supporting structure, 
(v) The instrumentation for remote control, shutter timing and 
flame detection, and 
(vi) The exhaust system. 
Details of these sub-assemblies are discussed in the section below. 
The reader is referred to Figures 2.8 and 2.9 in Section 2.2.3. 
C.1. Radiant Heater Stack  
The heater assembly consists of six radiant heaters stacked vertically. 
These six heaters comprise a total heating area of 50 cm by 40 cm. The 
heaters are Model 5208-16 RI radiant heaters. Each contains six 1600T3/1CL 
tungsten filament high temperature quartz lamps. The heaters will be 
operated using 220 volts AC power and providing a maximum of 240 amps. 
A variac power control will be used to control the input to the heaters 
which in turn provide a net heat flux at the heater window surface up to 
20 watts/cm 2 . The heaters are air and water cooled. 
C.2. Shutter Systems  
The vertical two shutter assembly consists of two systems, each 
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composed of the following: a shutter, a pneumatic cylinder, a shock 
absorber, two case hardened guide rods, shutter rod supports and four 
linear ball bushings. 
Both shutters are manufactured from 3.2 mm copper sheet and the lower 
shutter will be water cooled to prevent pre-exposure heating of the 
ignition test sample. Attached to each shutter are four Thompson Series 
A linear ball bushings. These bushings travel on two 19 mm diameter 
case hardened rods. Prior to the initiation of an ignition test, the 
shutters are supported each by a pair of spring catch mechanisms. These 
mechanisms will release when the pneumatic cylinder exerts on the shutter 
a force in excess of 22 newtons. The pneumatic cylinders are Parker 
Hannifin Model 2PR16x6 spring return air cylinders. The air cylinders 
have a 5.1 cm bore and 15 cm stroke. Laboratory air will be used to 
operate the air cylinders, activated by Modernair three-way solenoid 
popet valves. The shutters will be stopped each by an Activation "Shok 
Block" adjustable hydraulic shock absorber, Model ASB1-3PS99. The shock 
absorber has a storke of 7.6 cm. 
C.3. Sample Holder and Disposal  
The sample holder assembly will position the samples 4.6 cm from 
the heater assembly. The sample support will be spring loaded and upon 
actuation of four remotely controlled Dormeyer Super-C Folded Frame 
Solenoids the sample will drop vertically into a receptacle for extin-
guishment. 
C.4. Supporting Structure  
The supporting structure of LITA consists primarily of eight vertical 
steel angles. Each of these angles is 2.88 m long. Braces and platform 
supports are bolted to these angles. The entire structure is bolted to 
a 1.8 m by 1.8 m steel angle base. 
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C.5. Instrumentation  
The instrumentation consists primarily of the heater power control 
and monitoring group, shutter activation and exposure time measuring 
instruments, and heat flux and ignition detection instrumentation. A 
six stack variac will be used to adjust the level of power supplied to 
the heaters and monitored on the control panel. Incorporated on the 
control panel are pre-exposure sequencing switches and light indicators 
as well as shutter activation switches. A Fisher Model 6-664-30 micro- 
timer, also mounted on the control panel will be activated through micro-
switches by the travelling shutters to measure sample exposure times. 
Asymptotic heat flux meters will be used to calibrate the heating lamps 
and infrared detectors to sense ignition of the samples under single 
shutter mode of operation. The output of the infrared detectors will 
be fed to oscilloscopes to record changes in the signal on polaroid film. 
C.6. Exhaust System  
The smoke exhaust system consisting of a large hood and a fan will be 
used to drive the pyrolysis gases, particulates and combustion gases 
from test region through a high temperature stack to the outside. The 
hood is mounted to the top of the four vertical columns of the structure 
and connected to the 3/4 horsepower fan through a flexible duct. A slide 
valve in the hood will provide adjustment to the forced convection past 
the test region. 
C.7. Experimental Procedure  
Test samples will be conditioned in the enviromental chamber at de- 
sired humidity and temperature for a minimum period of twenty-four hours 
prior to testing. The procedures to be followed during a test will be 
similar to those used on fabric ignition measurements and fabric ignition 
statistics with the Radiative Ignition Time Apparatus (RITA) and reported 
in References [3,4,6]. 
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APPENDIX D 
CONVECTIVE FILM COEFFICIENT APPARATUS (CFCA) 
The Convective Film Coefficient Apparatus (CFCA) was designed to 
simulate the flame-fabric interaction and at the same time serve as 
one leg of a thermocouple to sense its transient mean temperature when 
exposed to normally impinging flames of known characteristics in the 
Convective Ignition Time Apparatus. The volatile evolution is simulated 
by injecting preheated air through the screen. The CFCA consists of 
three primary components: 
(i) an aluminum clevis and its support rod, 
(ii) a transite inlet chamber and porous bronze assembly, and 
(iii)an inert wire cloth and screen holder assembly. 
Detailed descriptions of the CFCA and the operating procedures have 
been presented in Appendix A.2 of Reference [4]. This Appendix des-
cribes the modification in the apparatus and the procedures carried out 
during the reporting period [10]. The major components of CFCA remain 
the same and they are shown in cross-sectional view in Figure D.1. 
In addition to injecting preheated air through the screen to simu-
late volatile evolution, an aspirator was incorporated into the test 
apparatus to provide suction through the screen and simulate perfusion. 
This modification is shown schematically on Figure D.2. 
For the experiments with the stainless steel screens the burner 
characteristic parameters were selected to duplicate those used during 
fabric ignition tests. These were with a stoichiometric equivalence 
ratio 0 = 0.86, representing an . oxygen-rich flame, and burner mass 
flow rates M
b = 1265, 2185 and 2950 g/h. The screens were placed at 
1.9, 7.9 and 10.5 cm above the top of the burner at each burner mixture 
flow rate to provide the range of flame temperatures needed for the tests. 
A 200 mesh and a 150 mesh stainless steel screen were used for the re-
sults reported here. The air injection and perfusion rates were varied 
from 0-300 g/h and 0-400 g/h respectively. The temperature of the in-
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Figure D.2. Schematic View of the Combined Convective Film Coefficient Apparatus 
and Convective Ignition Time Apparatus. 
APPENDIX E 
MODELING ANALYSIS FOR FLAME-FABRIC INTERACTION 
For the flame-fabric interaction model discussed in Section 2.2.4.2 
the momentum and mass conservation for steady, incompressible, axisymmetric 
flow is [10] 
p(/• 17) ./ = -Vp + la V + pg 	 (E.1) 
Neglecting the terms of mechanical energy and the viscous dissipation 
the energy equation is given as 
pc (V.vT) = kv 2T 
	
(E.2) 
where the Fourier Law has been used for equation (E.2). 
For the pyrolyzing solid using an nth order Arrhenius decomposition 
law we have 
p(p v z )/a(zips ) = (p6) 0egg 
where 	 n 









and (p8) 0 is the original mass per unit area of the fabric. 
The momentum conservation for the flow through a porous solid assum- 
ing one dimensional, steady, laminar flow is known as the Darcy law [10,11] 
pV
z 
= -pK(ap/az + pg)/p 
	
(E.5) 
where K is the average permeability of the porous solid. The gravita-
tional term in equation (E.5) contributes less than 2% of the total 
driving potential and can be neglected. 
Convective heat losses from the fabric surface exposed to the 
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atmosphere are coupled to mass efflux through this surface due to fabric 
pyrolysis and gas flame perfusion. This can be expressed in terms of 
the local Nusselt number (N Nu ) x , the Grashof number (NGr ) x and a para-
meter E [10, 12-15] 
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(NNu






(Ts - T.)] 1/4 
and x is the radial distance from the center of the fabric. 
The boundary conditions for the governing equations are 
at z = 0: pVz = pK(p i - p6 )/116 - (p6) 0e g i/2, 
Vr = 0, - 4z=0 = 
	- Ts ) 










as z 	co: T 	T. 	 (E.7d) 
The mean convective film coefficients are evaluated by integrating 
from the fabric axis to the fabric radius R and the subscripts 1 and 2 
refer to the surfaces interacting with the burner flame and the surround-
ing atmosphere respectively. D represents the burner diameter. 
The governing equations and the associated boundary conditions are 
normalized using the parameters 
r* = r/R, z* = z/R, V r* = V r/Vb , Vz* = Vz/Vb 
(E. 8) 
T* = (T - T.)/(T f 7 T), * = (P - R. )/p fvb 2 
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P * = p/p f , 1g* = asg /kg exp(-E/RT i ) 	 (E.8) 
and they yield the following nondimensional groups 
p fy/p, 72 = Vb2/gR, 73 = cpak 
'74 = P K( P1 	p6 ) / "PfVb 
7 5 = 1(0) 0 Eg kg exp(-E/RTO 1/2p fVb 
n6 = ri c,1 11/1( ' n 7 = 11 b,211//( ' n8 = L/R 




These scaling parameters are rearranged to evolve into the following 
groups to characterize 
geometry: 78/79 = L/D, 1/79 = R/D 
	
(E.10a) 
flame dynamics: V bD/v = 7 1 1.'9 = NRe 
	 (E.10b) 
permeability and 
injection dynamics: V oR/v = 7 1 74 -7 1 75 1g * = (N Re ) 0 
heat transfer to the screen: h .11/k = 7r6= c,1 	(NNu ) 1 
momentum and energy diffusion: c pu/k =7r 3= Npr 





The heat interaction between the flame and the screen in the presence 
of injection, consequently can be correlated by 




IGNITION OF THERMALLY THIN MEDIA SUBJECT TO NORMALLY IMPINGING FLAMES 
The model to be used in the analysis consists of a jet of hot gases 
impinging normally to a fabric positioned in a horizontal configuration 
at z = 0 as shown in Figure F.1, the jet and fabric axes coincident. The 
pyrolyzing solid generates gas which evolves from the fabric surface. 
The back side of the cloth is exposed to the surrounding atmosphere. 
F.1. Solid Phase  
The solid is initially (at ' r < 0) in stationary thermodynamic equil-
ibrium at temperature T. At time r = 0 it is exposed to the established 
hot jet at temperature Tf . Subsequently (T>O) the temperature T s of the 
solid phase rises and gasification takes place. For the solid phase the 
model accounts for (i) energy storage, (ii) convective heat loss from 
the back, and (iii) pyrolysate generation. It assumes (i) absence of 
moisture desorption, (ii) negligible radiative heat loss, (iii) negli-
gible heat of pyrolysis, and (iv) negligible fraction of the fabric gas-





= (p 6 	C 	+ h(T - 	) 
	
Ss )  o at s 
Pyrolysate Conservation 
a Y 	 n 	 -E /RT 
p p 
- az p D L=0- = p = pg kg  (1 - g ) ( 6 ) o  e 9 
where M" = flux of pyrolysate at z = 0 
pg  = fraction of pyrolysate escaping at z = 0 







z = 0 
Hot Gas 
Jet 
d f —01 
Tf Uf 
Figure F.1. 	Pyrolyzing Solid with Normally 
Impinging Hot Gas Jet 
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Constitutive equations for thermal and species diffusion were used to 
obtain equations (F.1) and (F.2). These equations are to be solved sub-
ject to the initial conditions 
at T = 0: 	Ts = T. A g = 0 
	
(F. 3) 
F.2. Gas Phase  
For the gas phase the model takes into account (i) axisymmetric flow, 
and (ii) variable properties. It assumes (i) quasi-steady state of a 
well established jet, (ii) negligible reaction in the gas phase prior 
to ignition, (iii) negligible injection velocity of pyrolysate, and 
(iv) Lewis number is unity. The quasi-steady assumption is justifiable 
when the heat capacity of the solid is very large compared to the heat 
capacity of the gaseous medium [17]. The conservation equations for the 
gas phase are: 
Mass conservation 
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-1–(pUX) + 3 (pVX) = 0 ax 	az 
Species Conservation 
aY
i 	 _ 
a 
Yi  . 
	 aY 1a • 
pU--- + pV 
az az \ PL/
n 
  -ST 
Energy Conservation 
aT 	aT _ 	/ k aT 
ax Pu Pv 	- az -c-- az 
Momentum Conservation 
311 	1U 
pU-- + pV — = a /U 	p U due 
 





Equations (F.5) - (F.7) have incorporated constitutive equations for 
diffusion of species, energy and momentum. These equations are to be 
solved subject to the boundary conditions 





(T) 	T = T (T) 
as ze.. 	u = u f 	Yp = 0 	T = T f 
F.3. Transformations  
The following quantities are introduced to carry out transformations 
on the set of equations presented above: 
Similarity Variable 








tp j 	2p111.1 x
2
dd f(1) (F.11a) 
0 e 
pUX = allaz 	pVX = - a*/ax (F.11b) 
Nondimensional Temperature 
0 = T/Tf (F.12) 
Nondimensional Time 





Nondimensional Activation Energy 
E* = E /RT g 	g 	f 
First DamkOhler Number at the Surface (z = 0) 
DI,w = pg kg e g 
 (p
s d s ) o  /p 20(2a/p10 1/2 
Convective Heat Transfer Ratio 




Introducing equations (F.10) - (F.16) into equations (F.1) - (F.9), 
the following equations are obtained. 
Solid Phase  
Energy 
(de/dn) 0_ = dew/dT* + H(ew - 1) 	H(1 - e.) 	 (F.17) 
Pyrolysate 
(dYp/dn) 0... = -DI,w (1 - Y paw )exp(-Tew ) 	 (F.18) 
Initial Conditions 
at T* = 0: 	ew 	e00 	xg 	0 	
(F.19) 











e" = NPrfe l 	=0 
(F.21) 
Momentum 
f 	= ffm - 	(1/2)[(f') 2 - 	(p/p.)] = 0 (F.22) 
Boundary Conditions 
at 	1 = 0: 	f' = 0 	f = 0 	Y 




as n ► --: 	f' 	= 1 	Y
P 
 = 0 	0 = 1 (F.24) 
F.4. Solution  
The profiles of the pyrolysate and nondimensional temperature are 
obtained from equations (F.20), (F.21), (F.23) and (F.24) 
Y /Y 	= (1 - e)/(1 - ew) = 1 -fo 	exp[- 	NPr 





j0  = expE 
jr Nprfds] dt 
0 
(F.26) 
is the velocity integral. 
Substituting equations (F.17), (F.18) and (F.19) into (F.26) to elim-
inate Y
P'w 
 and ow' one obtains 
(1 _ e op = 1 11 exp[Evi - Ti )] /DI , w 	 (F.27) 
where 
-Et = [(1 - e.)/(1 	H)J[exp - T(1 + H)/Iv ] + (1 - 00)H/(1 + H) 
(F.28) 
and 
0* 	= D I ,w I ,w I  v (F.29) 
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F.5. Prediction of Ignition Time  
Two ignition criteria are considered for the prediction of ignition 
times on fabrics: (i) Wulff's Ignition Criterion which associates the 
occurrence of ignition in the boundary layer of the hot gaseous mixture 
of pyrolysate and air, at a location where the local temperature attains 
a minimum ignition temperature corresponding to the local mass fraction 
of the pyrolysate [4]. This method requires the quantitative kinetics 
of pyrolysis and the concentration dependent self-ignition temperature 
of the pyrolysate. (ii) The Inflexion Method which associates the oc-
currence of ignition in the boundary layer of the hot gaseous mixture 
of pyrolysate and air, at a time when the mass fraction of the pyrolysate 
near the surface varies very steeply with the surface temperature. 
F.5.1. Wulff's Ignition Criterion Method  
Figure F.2 shows the profiles of the the temperature (1 -0) as a 
function of the pyrolysate mass fraction in the boundary layer, with 
T as a parameter. On the same figure the plot of a predetermined con-
centration dependent ignition temperature (1 - e i ) profile of the pyroly-
sate is superimposed. At a particular time Tt = Tt i 
e = e- 1 (ae/aY ) * = (ae./aY ) * 	 (F.30) 
P T 1 	1 	P T1,i 
The pyrolysate ignition temperature T i is known as a function of the 
pyrolysate mass fraction, thus 
e. = (1/T*) {1/2Y (1 - Y ) 	C.Y j 	 (F.31) 
j=1 J P 
•••■•• 
cep 
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Yp 
Figure F.2. 	Temperature Dependent History of the Pyrolysate in the 
Boundary Layer and Attainment of Wulff's Ignition Criterion 
For a Fabric Subjected to a Normally Impinging Flame 
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where 
T* = T f/T. 
Using equations (F.27), (F.30) and (F.31) the ignition time para-
meter T*1,i  is determined. Thus 
Tt i = 1 - E;/lnf[F(T*)/TI ,i - 1]01 ,w 1 	 (F.32) 
where 









In equation (F.34) the coefficients a j are given as follows: 
a0  = -1 	 (F.35a) 
a l = 3/2 + T* - C o 	 (F.35b) 
a 2 = 2C0 - 2T* 	 (F.35c) 
a3 = C2 - Co + T* 	 (F.35d) 
am = (m - 4)Cm_ 3 + (m - 2)C m..1 - 2(m - 3)Cm_ 2 , 	m >4 	 (F.36) 
and C
n+1 , Cn+2 , • 
.. are equal to zero according to the polynomial 
fit given by equation (F.31). 
An explicit solution from equation (F.32) can be obtained after 
simplification. For the quantity inside the square bracket TI ,i can 
be approximated by (1- e.). Then for the condition of negligible heat 
loss from the side of the fabric exposed to the surrounding atmosphere 
I v ln [(1 - 	)/11 - EV1n[F(T*)/(1 - e.) - 1 ] Dfr ,w d (F.37) 
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F.5.2 Inflexion Method  
When 
0*I,w 
is very large compared to [F(T*)/(1 - e a) - 11 then from 
equation (F.32) 
T * 	= 1 	E*/ln D* 1,1 g 	I ,w (F.38) 
Equation (F.38) gives the time at which there is a steep rise in the 
mass fraction of the pyrolysate at the fabric surface (z = 0) with re-
spect to the temperature. Under negligible heat loss from the back of 
the fabric (z --(3) 




IGNITION OF THERMALLY THICK MEDIA SUBJECT TO RADIATIVE HEATING 
A solid of thickness 6 is exposed to a uniform time-invariant radi-
ant heating source. The solid is located vertically in a freely convect-
ing atmosphere. The material undergoes thermal degradation throughout 
the volume of the solid. The generated pyrolysate enters into the boun-
dary layer where it undergoes oxidation. The face of the solid exposed 
to the radiant heat source is located at z = 0 and is cooled by free 
convection. The face of the solid at z = -cs is exposed to the ambient 
air at T . 
CO 
G.1. Solid Phase  
The solid is initially (at T < 0) in thermodynamic equilibrium with 
its surroundings at T = T.. At time T = 0 the solid face at z = 0 is 
exposed to a uniform time-invariant radiant heat source. For the solid 
phase the model accounts for (i) energy storage, (ii) pyrolysate gen-
eration, (iii) convective heat loss, (iv) void creation due to pyrolysate 
generation, and (v) flow of pyrolysate through the porous solid. It 
assumes (i) one-dimensional heat flow in the z-direction, (ii) all the 
pyrolysate species can be represented by a single component, (iii) local 
storage of pyrolysate negligible, and (iv) negligible radiant heat loss. 
The conservation equations are 
Energy Conservation 
(pcp ) s  (aTs  /aT) + (pcP ) P vP 
 (aT
s 
 /az) = a(ks  aTs 











)/az = 1.4 p,s 
	 (G.2) 
where Cis , iq p,s and ag r,z/az are defined by the following constitutive 
equations[4,20,21] 
4 s = Wp,s [Q (g) + (vpcp,p + vccp,c - cp,$ )(T - T° )] 	 (G.3) 
171p,s = kes,o [(1 - 	- (PciPs,o)] exp(-Eg/RT) 
a4 r,ziaz = 4Ka 2Ep (Ts ) - 2K(1 - /5)W0E z (Kz) 
n 2 




at z = 0: (pv) p 	= (pv) f 
k(aT/az) s = k(aT/az) 
at z = - (S: 	pV = 0 	
(G .7) 
k(DT/aZ) s = k(aT/az) 
Initial Conditions 
at T = 0: 	Ts 
 = T 
	





G.2. Gas Phase  
At T < 0 the solid is surrounded by static ambient air at T.. For 
the gas phase the model takes into account (i) gravitational effects, 
(ii) viscous dissipation, and (iii) oxidation of pyrolysate in the gas 
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phase. It assumes (i) quasi-steady state, and (ii) no radiative absorp-
tion or emission. The conservation equations are: 
Mass Conservation 
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a(Pu)/ax + a(pv)/az = 0 
Pyrolysate Conservation 
pu(aY f/ax) + pv(aY f/az) = a[pD(aY f/az)] /az + Wf 
where n n f n o 
Wf = kf p Yf Y o exp(-Ef /RT) 
Momentum Conservation 
pu(au/ax) + pv(au/az) = g(p. - p) + a(pau/az)/az 
p = constant 
Energy Conservation 
pu(ah/ax) + pv(ah/az) = a(kaT/az)az + p(au/az) 2 + of 
where 
• 
of = wfq 
Boundary Conditions 
at z = 0: u = 0 	(pv) f = (pv) p 
 k(aT/az) = k(aT/az)s 
as z± 	u=0 	T= T 	Y f = 0 





G.3. Solution  
The general solution will be carried out by using the local sim-
ilarity approach for the gas phase conservation equations. For the 
solid phase conservation equations the general solution will be pre-
sented by first neglecting the convective heat flux and assuming the 
pyrolysis to be a surface reaction. The two solutions will be matched 
at the interface to obtain the complete solution. 
The prediction of ignition time for the solid will be calculated 
using three ignition criteria: (i) Inert heating of the solid to a 
specified temperature [3], (ii) Wulff's Ignition Criterion [4, see 
also Appendix F], and (iii) Inflexion Method [see Appendix F]. 
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